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1. EXECUTIVE SUMMARY

1. EXECUTIVE SUMMARY
MSE Technology Applications, Inc. (MSE) initiated the Magnetohydrodynamics Accelerator
Research Into Advanced Hypersonics (MARIAH) Project in April 1995 for the U.S. Department
of Energy (DOE) and the National Aeronautics and Space Administration (NASA). The overall
objective of the MARIAH Project was to investigate the feasibility of augmenting hypervelocity
wind tunnels with magnetohydrodynamics (MHD) technology. The research was performed
under the direction of the DOE Federal Energy Technology Center (DOE-FETC) and NASA
Langley Research Center (NASA-LaRC).
Due to the increasing interest in the development of very high-speed air-breathing flight vehicles
for flexible space access, global reach, and long-range missile defense/cruise missiles, there has
been a growing awareness of the need for improved ground facilities capable of simulating the
flight regimes in which such systems must operate. Hypersonic flow is fundamentally different
than subsonic and low supersonic flow in that the stagnation (plenum) temperature is so high the
air chemically reacts and cannot be contained with known materials. The present testing
infrastructure assets in the United States are quite limited in this flight regime. For example, in
testing scenarios that require continuous (long-duration) test nms (such as the testing and
evaluation (T&E) of advanced air-breathing engines), the maximum velocity that can be
achieved is approximately Mach 7. Other types of facilities, generally referred to as impulse
facilities, can extend the Mach number up to and beyond orbital access velocities; however, the
facilities suffer from having very short run times (approximately 1 to 4 milliseconds) and
therefore are unsuited for T&E developmental experimentation. The U.S. Air Force (USAF)
Scientific Advisory Board (SAB) has stated that improved ground test facilities will be essential
to developing the next generation ofhypervelocity air-breathing engines (Ref. 1). Indeed, the
United States has never developed man-rated air-breathing flight vehicles without wind tunnel
developmental propulsion testing. Consequently, there is a demonstrable need for improved
hypervelocity ground test facilities capable of providing Mach 10-16, long-duration, true
chemistry air flow, and because the limitations of conventional facilities are fundamental in
nature, the development of new breakthrough technologies is required.
During the 1960s, both NASA and the USAF investigated the applicability of MHD accelerators
for hypervelocity wind tunnel augmentation. These studies produced very promising results and
provided evidence that MHD technology has the potential of providing the conditions required
for testing hypervelocity systems. Tests utilized air as the working fluid but added an alkali
metal seed to achieve the required ionization in the MHD accelerator. However, this seed
material is a contaminant for propulsion testing and is a major concern in these types of
accelerators since it can cause corrosion/contamination of test components and equipment, can
possibly affect combustion and ignition reaction rates, and can distort instrumentation readings.
During the 1970s, the General Electric Company (GE) conducted unseeded MHD experiments.
Due to the absence of seed contamination, these experiments duplicated typical flight
environments more realistically but suffered from air dissociation at high temperature. These
unseeded experiments utilized a shock tunnel driver, and the high temperature behind a reflected
shock wave provided the required ionization and achieved the necessary electrical conductivity.
Unfortunately,achieving ionization by thermal means requires high gas temperature and is
practical only for the short durations of shock tunnel experiments. Significant dissociation of
oxygen (02) and nitrogen (N2) also occurs from the high temperatures, resulting in a working
fluid that may not be representative of true air.
Recent technology advances in aerospace materials, electronic controls, computers,
superconductivity, and computational fluid dynamics (CFD) have the potential to significantly
advance hyperveloeity technology. Additionally, the development of lasers and electron beam
(e-beam) devices, along with improvements in microwave technology, all have the potential to
enhance the performance of MHD accelerators for hypervelocity testing.
The problem of duplicating the high enthalpy, dynamic pressure, and Mach numbers
characteristic ofhypervelocity flight continues to be a fundamental challenge to hypersonic
researchers. A hypervelocity ground test facility must be capable of adding sufficient enthalpy
in the facility flow to accurately simulate the total enthalpy of in-flight aircraft. Additionally, the
flow through the test section must accurately duplicate true air chemistry. The facility must be
large enough to reproduce the mixing and reaction processes occurring in a near full-scale
engine, and test times must be long enough to allow heat transfer and flow processes to reach
steady-state conditions.
The critical issues were identified as high-pressure MI-ID performance, MHD accelerator
materials, and propulsion test air chemistry. High-pressure MHD performance was given the
highest priority since this is critical to achieving the necessary test and evaluation performance
levels. As a result, most of the MARIAH Project activities focused upon MHD accelerator
performance at true hypervelocity dynamic pressures. This effort included analytical studies to
evaluate the performance of MHD accelerators at high operating pressures, experimental studies
to assess the electrical properties of high-pressure air, and system studies to assess the
availability and performance of various seed materials and external ionization sources. The
effect of seed material upon combustion processes and systems thermal management issues was
also addressed.
The basic requirements of the MARIAH Project were established by conducting a review of the
literature of hypersonic ground test facilities, as well as through extensive discussions between
MSE, NASA-LaRC, and other members of the hypersonic community. The Project's basic
requirements were as follows:
.
.
The facility should be a "T&E" facility capable of test durations on the order of tens
of seconds to minutes.
The facility should be capable of testing near full-scale advanced air-breathing engine
modules. An 80-square-foot (ft2) test section was selected as the target.
. The facility should be capable of simulating true total enthalpy and thermodynamic
conditions, implying that post-bowshock Mach numbers, total enthalpies, and
entropies must be duplicated. Specifically, the facility must be capable of matching
post-bowshock conditions corresponding to a 2,000-pounds force per square foot
(lbf/ft 2) free-stream dynamic pressure with a 5 ° deflection angle shock up to a free-
stream Mach number of 16.
. The facility should be capable of providing an airstream chemistry corresponding to
the post-bowshock regime ofhypervelocity aircraft (i.e., minimal dissociation,
vibrational nonequilibrium, and contaminants).
° The facility should be a true "T&E" facility, implying high testing throughput, high
reliability/lifetimes for critical components, and MHD accelerator versatility across a
wide range of pressures and Mach numbers.
MSE investigated three separate approaches to satisfying these requirements including: a)
classical high temperature, arc heater-driven MHD accelerators utilizing alkali metal seed; b)
unseeded arc heater-driven MHD accelerators with beamed energy addition; and c) a novel
MHD/Radiatively Driven hybrid concept referred to hereafter as the MARIAH II concept. Each
has the common feature of MHD acceleration of air but differs in the type of upstream driver
utilized, the operational pressure/temperature regime, and the mechanism for the initiation and
maintenance of accelerator electrical conductivity. The report documents the study's
conclusions and addresses the open technology issues for each concept. Additionally, MSE
conducted a cursory investigation of the major facility engineering issues associated with the
three approaches.
Classical high temperature, arc heater-driven MI-ID accelerators utilizing alkali metal seed
material was the MARIAH Project's most extensively evaluated approach. Several analytical,
parametric, and optimization studies of this approach were performed assuming advanced arc
heater, high field strength magnet, and relatively conventional linear, segmented Faraday MHD
channel technology. Experiments were also conducted at both the NASA Ames Research Center
(NASA Ames) and the University of Texas at Arlington (UTA). Seeded, arc heater-driven MHD
accelerators were unable to achieve the targeted NASA requirements but were able to produce
simulated flight conditions currently unattainable with conventional technologies. The high
operating pressures required by NASA resulted in significant difficulties for these types of MHD
accelerators. Additionally, system power requirements are considered to be a major obstacle to
the development and construction of this type of ground test facility.
MSE also evaluated two separate approaches to the unseeded arc heater-driven MHD
accelerator. Both involved elevated, nonequilibrium electron temperatures that produce
nonequilibrium ionization through molecular collisions by utilizing external energy sources such
as lasers, microwaves, and e-beams. This type of MI-ID accelerator was the subject of a previous
MSE study and was believed to be potentially viable; however, the concept was also unable to
produce the test conditions required by the MARIAH Project. Ohio State University (OSU) also
studied the unseeded nonequilibrium concept analytically and came to essentially the same
conclusion. It should be noted there is a relatively high degree of uncertainty in the analyses
performed for this approach due to the simplistic approach to the nonequilibrium ionization and
high Hall parameter corrections used. However, the analysis does provide a technical basis for
further considering the concept if the need for clean-air testing in the combustor entrance regime
arises.
Finally, MSE performed a preliminary study of the MARIAH 1I concept. This concept takes
advantage of the following features:
° An ultrahigh-pressure (UHP) driver with heat energy addition via lasers, e-beams, or
microwaves in the supersonic expansion zone, which reduces the reservoir entropy
when compared to typical arc-heater entropy values.
2. Joule heating is minimized by utilizing a downstream (final segment) MIlD
accelerator.
. The possibility of much lower core temperatures and reduced entropy generation
through the flow train compared to either arc-heater or conventional MHD
technology.
4. The natural synergy between the UHP driver and the MHD accelerator.
5. The potential to cover a much wider range of the total enthalpy vs. entropy diagram
of interest to the hypersonic community.
MSE considered two possible approaches for the MARIAH II concept: a) the guided arc mode;
and b) low-pressure, low temperature MHD acceleration with beamed energy addition.
Based upon the MARIAH Project's investigation of the three approaches for applying MHD
technology for the augmentation ofhypervelocity wind tunnels, MSE believes the MARIAH II
concept to be the most promising. MSE's preliminary analyses of this concept indicate it can
potentially satisfy all of NASA's target requirements and represents the lowest risk approach to
the problem. Therefore, MSE recommends an R&D program based upon the MARIAH II
concept be undertaken so the remaining technology issues of this promising concept can be
addressed, and the nation's quest for air-breathing hypervelocitiy propulsion systems can be
realized.
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2. MHD ACCELERATOR TECHNOLOGY BACKGROUND
Since 1959, substantial effort has been devoted to exploring the conditions under which a
conducting fluid (specifically a gaseous plasma or liquid metal) moving through a magnetic field
might generate useful electric power, or inversely, might convert electrical energy into thrust for
rocket propulsion in space or kinetic energy for a wind tunnel. The latter case has been explored
in the MAR/A/-/Project study for the purpose of producing hypervelocity flight conditions in a
ground test facility for propulsion testing applications.
The development of a single-stage-to-orbit (SSTO) air-breathing propulsion system is deemed to
be dependent upon the prior development of a wind tunnel test facility in which the many
unknowns of the propulsion system can be investigated in a controlled manner. The alternative
to this type of ground T&E facility would be to rely solely on flight testing, which is time and
resource intensive.
MHD has been identified as a technology possessing the potential to produce true enthalpy test
conditions for hypersonic research in the Math 8 and above flight regime (Refs. 2, 3, 4). MHD
has a distinct advantage in that kinetic energy is added directly to the working gas through
electromagnetic body forces, thereby allowing the production of high Mach number, true
velocity, test section conditions without prohibitive reservoir stagnation conditions required by
other concepts. Furthermore, MHD accelerators can be operated in a continuous flow mode with
run time limited only by available power supply, or they can be pulsed where augmentation of a
shock tunnel is desired.
The study and experimental effort that has previously been expended (as reflected in the
available literature) provides a record of the events that have taken place over the years to bring
MHD technology to its present state. The leading organizations performing these studies and
experiments have been the USAF Arnold Engineering Development Center (AEDC), NASA-
LaRC, as well as MSE and Avco Everett Research Laboratory (AERL) under the sponsorship of
the DOE. Other organizations that have participated in this effort are GE, the Aerospace
Corporation, the University of Tennessee Space Institute (UTSI), General Applied Sciences
Laboratory (GASL) and UTA. The literature generated as a result of the research performed by
these contributors is compiled in Table 2-1.
This body of experimental work has been very important to the MARIAH Project as it has
tended to focus the project and define the large issues confronting MHD accelerator technology.
These issues include electrode lifetime; other materials issues (i.e., insulators, sidewalls, etc.);
and the chemistry issues relating to achieving "true air" simulation (i.e., alkali metal seeding,
creation of nitric oxide (NO) in arc heaters and accelerators, dissociation of diatomic species
(O2 _ 20), vibrationally excited species, and electron attachment). Performance and efficiency
questions need to be considered because an MI-ID accelerator is a device that converts electrical
power to flow work plus heat. The arc heater functions similarly to an MHD accelerator, except
it converts all the input power to Joule heating. Therefore, a key question is, "What is the
advantage of MHD over the much simpler arc-heater technology?" The answer lies within the
concept of conversion efficiency. To justify the use of MHD over heat addition technology, one
must show the MHD accelerator can operate at high conversion efficiency.
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Table 2- 1. MHD historical research data _,,uide.
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MHD Energy
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Unseeded
Nonequilibrinm
MHD Accelerator
Study
MHD
Accelerators for
Hypersonic
Applications
Single-Stage-to-
Orbit Propulsion
Concept
Other Analytical
Studies
Objective
Produce hypersonic flow
simulation by augmenting
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quality air chemistry is
desired.
Comprehensive investigation
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to increase kinetic energy.
Source
AEDC
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2, 4
Sect. 2
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2.1.1
2.1.2
NASA-LaRC 5, 6 2.1.3
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Various
MSE
AEDC
MSE
UTSFAEDC
10, I1, 12
13
14
15
16
17, 18, 19, 20,
21
NASA-MSFC
MSE, NASA
GASL
2.1.5
2.1.6, App. E
2.2.1
2.2.2
2.3.1
2.3.2
2.3.3
2.3.4
The subsections of this background section provide a chronicle of the development of MHD
technology as it has been applied to accelerator devices that could serve as drivers for
hypervelocity ground testing facilities. The intent here is to open a window on the wealth of
existing information relevant to the analysis and design of advanced ground test facilities. This
discussion centers around the duration-type facility (i.e., MHD) rather than the impulse-type
facility because only the former is suitable for use in hypervelocity vehicle ground T&E
(developmental) testing.
This background information is presented in three segments: accelerator experimental data,
generator experimental data, and accelerator studies.
2.1 MHD ACCELERATOR EXPERIMENTS
Experimental programs concentrating on the use of MHD devices as gas accelerators have been
carried out at AEDC in both the low- and high-density modes (Refs. 2, 3, 4), at NASA-LaRC
with linear cross-field plasma accelerators (Refs. 5, 6), and at the Russian Central
Aerohydrodynamic Institute (TsAGI) (as described in Appendix E). The Aerospace Corporation
undertook a pulsed MHD accelerator experiment (Ref. 9). In wind tunnel applications, GE
tested an unseeded MHD-augmented shock tunnel concept, which closely simulated real flight
conditions and eliminated seed contamination (Ref. 7) (see Table 2-1).
The AEDC LoRho (low density) and other experiments, with the exception of the TsAGI and the
AEDC HiRho (high density), were demonstrations in which there were no aerodynamic test
sections for collecting data. The TsAGI and HiRho experiments did include the ability to collect
aerodynamic test data.
2.1.1 Low-Density (LoRho) MHD Experiments
In the early 1960s, the objective of the AEDC LoRho Program (Refs. 2, 3) was to extend the
velocity and altitude capabilities of gas dynamic testing facilities using MHD accelerators. The
program's goal was to produce hypersonic flow simulation by augmenting the energy of an arc
heater with an MHD accelerator. The LoRho effort was envisioned as a three-phase program,
beginning with a small-scale proof-of-concept (POC) experiment that would lead to a pilot
facility and ultimately to a full-scale test facility. The latter was to be a large-scale, steady flow,
hypersonic test facility providing true velocity test conditions over a wide range of low-density,
hypersonic flight conditions. The POC experiments were performed, and some of the pilot-scale
hardware was developed; however, the accelerator pilot facility was never operated, and the full-
scale facility was never constructed.
Three configurations of the LoRho small-scale accelerators were tested with encouraging results.
Nitrogen, seeded with 1% potassium (K) and heated by a 1.2-megawatt (MW) arc heater, was
used as the working fluid. A 20-electrode pair accelerator (termed Accelerator A) demonstrated
a centerline velocity increase of approximately 50% to 3,000 meters per second (m/s)
(9,800 It/s). Two configurationsof a 117electrodepair accelerator(referredto asAccelerators
B andB1)resultedin approximatelydoublingthecenterlineplasmavelocity from entranceto
exit, achievingamaximumvelocityof 3,900rn/s(12,800tVs). Furtherinformationonthe
theoreticalandexperimentalresultsof theLoRhoPOCexperimentscanbeobtainedin
Reference3. Thesearediscussedin moredetailin thefollowingparagraphs.Performancedata
fi'omtheLoRhoAcceleratorB wasusedin theMARIAH Projectto validatetheMSE
AcceleratorOne-Dimensional(l-D) MHD Code(ACCEL). This is discussedfurtherin
AppendixSectionB.1 andis summarizedin Section4.1.1of thisdocument.
2.1.1.1 Facility Description
Accelerator B entrance dimensions were 2.54 centimeters (cm) between the magnetic-field walls
and 2.98 cm between the electrode walls. At the exit, the distance between the magnetic field
was the same as at the entrance; however, the distance between the electrode walls increased to
6.22 cm. The accelerator length was 77 cm. The LoRho electrodes were liquid-cooled copper
pieces that were sprayed with beryllium oxide (BeO) for electrical insulation. The plasma-
exposed areas of the electrodes were uncoated to allow electrical discharge. An array of 1,700,
12-volt (V) automotive batteries provided electrical power that was applied to the 60 center
electrode pairs during operation. Unpowered electrode pairs were used to determine the gas
velocity along the channel by measuring induced voltage.
An arc heater was used as a plasma generator. A direct current (de) power input of
approximately 1.2 MW was used to heat N2at a flow rate of 0.095 kilograms per second (kg/s)
and produce the plasma.
A magnetic field was produced for the LoRho experiments using an iron-core electromagnet
with rectangular pole faces measuring 7.6×38.1 cm. This magnet was designed for a maximum
field strength of 2 Tesla (T) with a coil current of 875 A but was limited to approximately 1.5 T
for the LoRho experiments.
Several seeding arrangements were used for these investigations; however, in all cases the seed
was injected into the stilling chamber where the temperature was high and the velocity of the
plasma was low. Powdered potassium carbonates (K2CO3), as well as a eutectic solution of
sodium and potassium (NaK), were injected into the plasma. Seeding with NaK was attempted
because it has a low ionization potential and requires no carrier fluid. NaK has a high
condensation temperature, which caused it to condense on the accelerator walls and electrodes
resulting in axial shorting of the electrodes. When powdered K2CO3 was used, the condensate
on the walls was a light film that did not form an electrical bridge to any great extent. A limited
number of accelerator data points was obtained with powdered calcium oxide (CaO) as the seed
material. CaO has possibilities since it is not hygroscopic; however, because of its higher
ionization potential, a lower conductivity will result as compared to K.
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2.1.1.2 Demonstrated Performance
During the accelerator test program, the plasma generator was operated at a nominal mass flow
rate of 0.095 kg/s, total enthalpy levels of 1,500 to 1,600 kilocalorie per kilogram (kcal/kg), and
total pressure levels from 2.2 to 3.3 atmospheres (atm). The LoRho accelerators were operated
with power levels from zero to over 400 kilowatts (kW). The maximum average velocity at the
accelerator exit achieved in the LoRho program was 2,800 m/s. This velocity was attained in
Accelerator B operating at a power level of 371 kW and represented a velocity ratio (powered to
unpowered) of 1.48. Centerline velocity for this test condition was 4,000 m/s for a centerline
velocity ratio (powered to unpowered) of 2.1. Other exit properties for this test condition
included total enthalpy of 8,400 kilojoules per kilogram (kJ/kg) [3,600 British thermal units per
pounds per minute (Btu/lbm)], static pressure of approximately 0.25 atm, and average static
temperature of 3,650 K. At the maximum power input (400 kW), the plasma exit-to-entrance
velocity ratio was 2.06 on the centerline, and the average plasma velocity ratio was 1.62. The
electrical power density was 1,000 MW/cubic meter (m3).
The LoRho program demonstrated (as reported in Ref. 3, pp. 58-59) that the 1-D MHD channel
flow equations can be used to predict the average plasma acceleration provided the current
density, electric field, magnetic field, and plasma entrance conditions are specified. However,
when equilibrium conductivity based on the average plasma temperature was used in the
calculations, the 1-D equations predicted a higher acceleration than was measured
experimentally because the plasma conductivity was reduced significantly as a result of the
temperature variation across the accelerator wall boundary layers. Equilibrium conductivity
calculations appeared valid when adjusted for the boundary layer variation.
Significant losses in total pressure through the accelerator were incurred when operated with no
MHD electrical power input, thus a considerable power investment is required to attain the initial
total pressure level at the exit. This result indicated that friction and heat-transfer effects could
not be omitted from the 1-D equation when predictions are required for large length-to-diameter
ratio accelerators.
Acceleration of the plasma was not uniform across the accelerator, with the maximum
acceleration occurring in the center of the channel. This phenomenon has been shown to be a
result of temperature variation across the accelerator, and the gas dynamic profiles were
adequately predicted with a simple theoretical expression, which accounted for the temperature
gradients.
The accelerator heat-transfer rate at zero power level was shown to correlate with a modification
of McAdams' convection heat-transfer equation. Moreover, the equation was found to produce
good agreement with the experimental data when the accelerator was powered, provided terms
were added to account for the increased electrode heat-transfer rate resulting from the electrical
discharge.
A number of materials were investigated for use as electrode and magnetic-field wall insulators.
The most satisfactory of these appeared to be plasma-sprayed BeO, flame-plated alumina, and
plasma-sprayed alumina.
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Thefeasibilityof acceleratinga seeded plasma at near-atmospheric pressure with an MHD
accelerator operated in the Faraday mode was demonstrated in the LoRho program. Effective
acceleration was demonstrated, producing significant velocity increase at the exit. 1-D MHD
channel flow models successfully predicted the accelerator performance when friction and heat
transfer effects were included and electrical conductivity was adjusted to account for its variation
in the wall boundary layers.
2.1.2 High-Density (HiRho) MHD Experiments
The HiRho Program was initiated at AEDC (Refs. 2, 4) with the objective of developing a large
facility for aerodynamic testing in the velocity range from 10,000 ft/s (3,048 m/s) to orbital
velocities [approximately 27,000 ft/s (8,000 m/s)] with test section densities corresponding to
altitudes between 50,000 ft (15,240 m) and 250,000 ft (76,200 m). Prior theoretical and
experimental studies had indicated a high performance shock tunnel augmented with an MHD
accelerator offered reasonable potential for obtaining the desired conditions.
Originally, the HiRho Program was to be developed in three phases. The first phase was a
research effort to demonstrate the feasibility of the MI-ID-augmented shock tunnel concept and to
generate experimental data for the design of a pilot facility. The fabrication and operation of a
pilot facility was to be the second phase followed by a final phase in which the construction and
calibration of a full-scale facility would be completed. However, the HiRho Program was
terminated during the research phase in 1971, thus the pilot and full-scale phases were never
initiated.
2.1.2.1 Facility Description
The Tunnel J (Ref. 2) at the AEDC Von Karman Facility (AEDC-VKF) was used to investigate
the MHD-augrnented shock tube concept. The research phase concentrated on improving the
basic performance of Tunnel J and developing an MHD nozzle accelerator to augment its
performance. Tunnel J consisted of a 3.5-inch --diameter [88.9 millimeters (mm)] by 15-ft-long
driver (457.2 cm). The driver gas was heated to temperatures up to 550 K. Routine operation
was conducted over a driver pressure range of 5,000 pounds per square inch (psi) (239,400 Pa) to
a maximum of 15,000 psi (718,200 Pa) using a stainless-steel single-diaphragm system.
The first-stage nozzle (as described in Ref. 4, pp. 291, Sect. 2.2) had a square cross section and a
1°26' divergence angle from the throat to the nozzle exit. An accelerator section, 18 inches
(45.72 cm) long with the inlet 16 inches (40.64 cm) fi_om the throat, consisted of 11 pairs of
beryllium-copper electrodes separated by 0.357-inch-thick (9.07 mm) nylon insulators.
Accelerator sidewalls were fabricated from Lexan®. The accelerator was contained in a
fiberglass shell and encased in a nonmagnetic steel alloy (Inconel®) pressure vessel. The second-
stage nozzle was conical with a 20 ° half angle, a 2-inch (5.08 cm) inlet diameter, and a 12-inch
(30.48 cm) exit diameter.
10
A capacitiveenergysupplyproviding0.25megajoules(MJ) andconsistingof 190,28-
microfarad(_tF)capacitorssuppliedanelectricfield for theMHD acceleratoroperation.Each
electrodepair wasconnectedto acapacitivepowersupplythroughasimulatedtransmissionline
consistingof capacitorsandinductorsthatprovidedaconstantvoltageandcurrent(+ 5%)during
the 1-millisecond(ms)testperiod. A magneticfield wasgeneratedusingacopper-woundair-
coremagnetexcitedby fourhomopolargeneratorsthatdevelopedafield strengthof 7.5T for the
HiRhotests.
Measurementsindicatedthedurationof gasconductivitywasapproximately3ms,sufficient for
the 1-msdischargetimeof theMHD accelerator.Conductivitylevelsanddurationwere
measuredusingtheinducedvoltagegeneratedbytheconductinggasasit passesthroughthe
magneticfield andwith abroadsidemicrowavetechnique.
A seedersystemwas located 5 inches (12.7 cm) from the downstream end wall of the reflected
shock tube configuration. Calibration of the anhydrous K2CO3 seed mass ratio injected into the
gas and gas electrical resistance experiments established that 1 gram (g) of seed (mass fraction of
approximately 1.3% K) provided sufficient gas conductivity for MHD operation.
2.1.2.2 Demonstrated Performance
The MHD operating conditions obtained using the standard driver, which provided velocity
increases of approximately 40 and 80% and limiting velocities of approximately 17,000 fps
(5,182 m/s) and 22,000 fps (6,706 m/s), have been calibrated and used in aerodynamic tests.
These two conditions were the result of two power levels tested (4 and 5 T). The data for the
two power levels tested reveals that 85 to 90% of the power transmitted to the electrodes is
converted into kinetic energy. The results of these experiments are reported in Reference 4, page
297, in Section 8, and are restated below.
Experimental data obtained in Tunnel J verified the validity and applicability of a shock tunnel
employing an MI-ID nozzle accelerator for providing large increases in flow velocity. A
maximum increase in test section flow velocity from 12,000 fps (3,658 m/s) to 21,000 fps
(6,400 m/s) at a Mach number of 10 was demonstrated. Good agreement was obtained between
experimental data and 1-D MHD models. Extensive operational experience, detailed calibration
data, and basic aerodynamic measurements (model surface pressures) were successfully obtained
using the MHD nozzle accelerator.
2.1.3 NASA Langley Research Center
During the late 1960s, NASA-LaRC had a continuing research program on linear crossed-field
(Faraday) plasma accelerators with the principal objective being the development of a high-speed
facility for aerodynamic testing (Refs. 5, 6). Evidence of steady-state acceleration of a high-
density plasma was reported in Reference 7 (pp. 21, 66-180). The accelerator had a channel of
only 1-cm-square cross section and was 8 cm long. Diagnostics and determination of the
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operatingcharacteristicswereverydifficult becauseof thesmallchannelsize. This led to the
development of a larger accelerator that could perform the pilot-scale testing and flow
diagnostics needed for a full-scale model capable of accommodating reentry velocities. This
accelerator was 30-cm long with a 2.54-cm-square cross section. The channel had no external
cooling, and therefore, could operate as a heat sink for approximately 3 seconds.
2.1.3.1 Facility Description
Plasma input was provided by a NASA-designed arc heater, which had been modified for this
facility. The electrical energy supplied to the arc heater was derived from a set of motor
generators delivering 4,000 V de at 600 A.
The accelerator electrodes were axially symmetric, the outer edge being the cathode and the
inner edge being the anode. The electrodes were liquid cooled. To improve mixing, seeding was
done through the inner electrode
The cathodes were fabricated from U16-ineh-thick (1.588 mm) thoriated tungsten. The
accelerator anodes were of the same dimensions and constructed of pure tungsten. Both the
anodes and cathodes were backed by graphite, and the insulators between electrodes and the
sidewalls were constructed from boron nitride.
2.1.3.2 Demonstrated Performance
The conditions at the exit of the supersonic nozzle were determined by a lengthy series of
experiments with the accelerator removed from the test section. Table 2- 2 (data taken from
Ref. 5, pp. 8, 9) shows representative values for the state of the gas.
Table 2- 2. State of gas values in NASA I-inch-square accelerator.
Parameter Value Parameter Value
Mass Flow Rate (kg/s) 6.68x10 "3 Speed of Sound (m/s) 1.24x103
Total Enthalpy (J/kg) 8.2 x 106 Mass Density (Pa) 5.2x 10 -3
Smile Enthalpy (J/kg) 6.2x106 ), 1.16
Velocity (m/s) 2.0x 103 Pressure (Pa) 6.9x 103
Temperature (K) 4.4x 103 Math Number 1.6
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Usefulinformationfor thedesignof MHD accelerators was obtained in the investigations with
the NASA-LaRC 1-inch-square plasma accelerator. This information (reported in Ref. 6 and
restated here) includes these items:
. For a given applied voltage, maximum current and maximum pitot pressure were
obtained with the cathodes shifted between zero and one electrode downstream. The Hall
potential difference developed in the accelerator was smaller at the unshifted position
than at the downstream position, and operation in this position may be preferable if
breakdown between electrodes is a problem.
2. The velocity distribution at the accelerator exit was measured and found to be reasonably
uniform over 80% of the channel width and height.
3. The best of several methods of channel sidewall construction was determined to be boron
nitride sheets backed by water-cooled copper coated with BeO insulation.
Good agreement was obtained between measured and calculated exit velocity.
2.1.4 Unseeded MHD-Augmented Shock Tunnel Experiment
The results of a feasibility study conducted by GE are of particular interest in that they provide
MHD-augmented shock tunnel data obtained utilizing unseeded airflow (Ref. 8). This type of
operation eliminates concerns regarding flow-seeding effects on model heat transfer and flow
chemistry, as well as possible particle damage to models being tested, as it more closely
simulates real flight conditions. This study was conducted using a high-performance, electrically
driven, reflected shock tunnel. The unique performance capability of this type of shock driving
technique permitted the generation of high-pressure, high temperature shock tunnel reservoir
conditions yielding highly ionized unseeded airflow in the accelerator and nozzle with moderate
values of chemical dissociation.
2.1.4.1 Facility Description
The MUD accelerator channel was 12.25 inches (31.12 cm) long and had 38 segmented copper
electrode pairs with a 0.5-inch-square (1.27-cm) cross section and an area ratio of 2. An average
air electrical conductivity of 110 rnho/m was obtained in high temperature unseeded air. A
nominal magnetic field strength of 5.2 T was used in these experiments, and it was
experimentally determined the flow duration was on the order of 300 microseconds (_ts). The
electrically arc-heated helium (He) driver generated a strong shock wave (Ms = 13.6 at P =
150 torr), which brought the air initially in the driven tube to the stagnation conditions. This
highly ionized air was then expanded in a nozzle to the MI-ID accelerator entrance.
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2.1.4.2 Demonstrated Performance
These experiments demonstrated that the analytically predicted increases in flow velocity were
indeed achievable. MHD augmentation resulted in velocity increases from 19,600 fps
(5,974 m/s) to 24,000 fps (7,315 m/s). The demonstrated accelerator efficiency was 75%.
2.1.5 Pulsed MHD Accelerator Experiment
The operation of a pulsed MHD accelerator for an MHD wind tunnel application was
investigated by the Aerospace Corporation (Ref. 9). The accelerator was designed to accelerate a
gas from a velocity of 15,500-fps (4,724 m/s) to 24,000 fps (7,315 m/s) at constant enthalpy and
approximately atmospheric pressure. A hotshot driver produced the high temperature, high-
pressure plasma that was expanded in a nozzle to provide the desired MHD channel entrance
properties. After tunnel startup, a 3-ms constant power pulse was switched on to the electrodes;
consequently, current flow was approximately perpendicular to a quasi-steady 4-T magnetic
field. The power-on to power-off velocity ratio at the accelerator exit was determined by
changes in the stagnation pressure and open-circuit induced potential. The corresponding
enthalpy ratio was determined from the static pressure change and velocity ratio.
The magnetic field is produced by a 12-turn, 5-ft-long (1.524 m) coil powered by a 0.05-farad
capacitor bank delivering 42,000 A when charged to 3,300 V. The capacitor bank used to power
the hot shot was rated at 130 kJ at 20 kV and was sufficient to heat the initial 500-psi
(3.447 MPa) charge of N_ to the desired stagnation conditions. The segmented-electrode MI-ID
accelerator channel was approximately 2.5-feet (76.2 cm) long, 0.5-inch (1.27 cm) square at the
entrance, 0.78-inch (1.98 era) square at the exit, and contained 94 pairs of copper electrodes
insulated by boron nitride.
The hot shot produced a 9,000 K, 1,400-atm (142-MPa), K-seeded N2 source gas that was
expanded to 5.5 atm (557 kPa) and 4,000 K at the accelerator entrance, where a crossed magnetic
field of 4 T was established. After steady flow was established in the accelerator, the power was
switched on for a 3-ms quasi-steady test period. Results indicated that: a) the centerline velocity
increased from 16 kfl/s (4,877 m/s) to approximately 24 kfl/s (7,315 m/s); b) the centerline
enthalpy was a constant 0.5 ms after switch on; c) the centerline velocity increased further to
27 kft/s (8,230 m/s), and enthalpy increased approximately 20% prior to switch off as a result of
constant power input at decreasing mass flow; and d) The ratio of axial-to-accelerating current
was 0.05 <_Jx/J<0.25. In general, the facility performed well relative to the 1-D design.
2.1.6 Russian MHD Hypersonic Ground Test Facilities
Over the past 30 years, a large body of research in MHD technology has been conducted by the
Central Aerohydrodynamics Institute (TsAGI), a Russian governmental research organization.
Both TsAGI and a private consortium called ENGO were subcontracted by MSE to conduct
studies on MHD accelerators and facilities. The Principal Investigator for both of these efforts
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wasDr. VadimAlfyorov, awell-knownMHD researchscientist. Dr. Alfyorov andhis
colleaguesdevelopedanMHD acceleratorfacility with asmallaerodynamictestsectionthatcan
accommodatescalemodelsupto approximately15cmin length. Until theinceptionof the
MARIAH Project,acompleterecordof theTsAGIMHD capabilitiesandtestingactivitieshad
notbeendocumented.Thiswasprimarily dueto therestrictivenatureof theformerSoviet
Union regardingthedisclosureof scientificdata.
Thesetwo Russianorganizationsweresubcontractedby MSEto assembleandrecordthe
information gathered over many years. The TsAGI subcontract had several objectives:
° Summarize and document all of the operating characteristics and capabilities of the
TsAGI MHD test facility and describe recent operating experience. This included an
explanation of the significant facility limitations such as electrode lifetimes, power
requirements and magnet limitations.
. Provide descriptions and cost estimates of new equipment required to upgrade the
facility. The specific envisioned facility upgrades included: 1) improved seed injection
system, 2) special MHD accelerators for diagnostics on electrode walls, and 3) a 7.5-T
superconducting magnet.
. Investigate the electrode phenomena in the TsAGI MHD channel. This was understood
to include a description of the basic modes of conduction within the sheath layers and
electrode wall boundary layers along with experimental investigations to characterize
the mode of conduction in the near-wall region (i.e., whether arc mode or diffuse
mode). No new experiments were conducted for this phase of the research. Instead,
data from past Russian papers and reports as well as data taken from previous electrode
tests were reviewed and assembled into an comprehensive report.
The purpose of the ENGO subcontract was to investigate the potential of MHD technology to
provide hypersonic test conditions adequate for advanced engine testing.
The results of the Russian research are contained in Appendix E of this document. A summary
of this research may be found in Sections 2.1.6.1 through 2.1.6.3 below as well as in Section
4.1.6. A more detailed description of the Russian research may be found in Appendix E.
It has been reported that additional MHD accelerator research was conducted in recent years at
the Russian TSNIIMASH facility. MSE has made several attempts to locate reports or
publications on this research; however, these efforts have been unsuccessful. Reports from
Russian MSE employees who have recently immigrated to the United States indicate that, until
very recently, all or most of the research at TSNIIMASH has been of a military nature and has
been classified. Some recent American Institute of Aeronautics and Astronautics (AIAA) papers
describing experiments at TSNIIMASH have been published, but these address testing of a
Piston Gasdynamic Unit (PGU) and are unrelated to MHD accelerator research. The PGU
testing was done under a contractual arrangement between GASL and TSNIIMASH. These
papers represent the only recent TSNIIMASH reports MSE has been able to locate.
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2.1.6.1 TsAGI MHD Facility Capabilities
Subsections 1 and 2 of the TsAGI facilities report (Appendix E. 1) give a reasonably detailed
description of the test capabilities and operating conditions of the existing facility.
Table 2- 3. Summary of the TsA GI MHD Facility Operating Parameters
ARC HEATER
Power Input
Stilling Chamber Temperature
Stilling Chamber Pressure
Mass Flow Rate
ACCELERATOR
Inlet Dimensions
Channel Length
Inlet Flow Velocity
Inlet Mach Number
Magnetic Field
Gas Conductivity in Stilling Chamber
Electrode Pitch (longitudinal)
Electrode Width (in longitudinal direction)
Number of Active Electrode Pairs
Maximum Current per Electrode Pair
Applied Voltage per Electrode Pair
Total Input Electric Power
Heat Flux
Powered Run Times
TEST SECTION
Dimensions (cross section)
Maximum Flow Velocity
Densities
Mach Number
200 - 260 kw
3_700 K
20 - 30 arm
7.0 to 22.5 g/s
1.5 x 1.0 or 1.5 x 1.5 cm 2
Variable, 14.5 to 72.5 cm
•,800 m/s
1.9 (variable, depending on choice
of nozzle)
2.4 T
150 mho/m
8.0 mm
4.5 mm
45
55 A
200 - 400 V
0.5 - 1.0 MW
10- 50 MW/m 2
1 -2s
50 cm x 50 cm
7.5 km/s
10 "4- 10 2 kg/m 3
15 (for a sec. nozzle exit area of 20
x 20 cm 2)
Table 2- 3 is a duplicate of Table E.1 -1 in Appendix E. The table summarizes the present
capabilities of the TsAGI MHD facility. Information in the table was derived from the TsAGI
reports as well as from first hand observations of the facility made by MSE personnel during a
site visit in September of 1995. As of that time, the facility was fully operational. For further
information concerning testing and other experimental activities at the TsAGI facility, refer to
Appendix E.
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2.1.6.2 MHD Electrode Study
Current flow through an MHD accelerator is a complex process for many reasons. First, even in
the ideal case where the pressure, temperature, velocity, and magnetic field are uniform, the
current density and electric field vectors will not be parallel to each other due to the tensorial
character of the generalized Ohm's Law relationship. Nonuniformities in temperature and
velocity further complicate the current flow patterns. The TsAGI report addresses these issues in
the context of three distinct zones within the flow stream in which the current flow and current
nonuniformities are dominated by different mechanisms.
There are several other types of nonuniformities that can lead to either high current concentration
or high local electric fields in an MHD channel. One is the thermal instability due to the
interaction of Joule heating, electrical conductivity, and local heat transfer. A transient, localized
temperature increase will cause an increase in electrical conductivity resulting in a local increase
in the current density.
Another type ofnonuniformity is a result of thermal overshoot within the boundary layer. This
occurs only in high Mach number flows where the wall recovery temperatures may be
substantially higher than the core flow static temperatures. In a high-speed flow, the temperature
of an adiabatic wall can be estimated knowing the core flow properties (i.e., static temperature in
the core flow, Mach number in the core flow, and the recovery factor depending on the Prandtl
number, which is generally close to but less than 1). For a high Mach number, the adiabatic wall
temperature may be significantly higher than the core flow temperature. In a real accelerator, the
actual wall temperature will be lower than the adiabatic wall temperature. However, this results
in thermal overshoots of 2,000 to 3,000 K in high Mach number flows due to the conversion of
kinetic energy to thermal energy through the mechanism of viscous dissipation. The term
"thermal overshoot" simply means that a local maximum occurs in the static temperature profile
somewhere within the boundary layer. The TsAGI study on MHD electrodes examines the
effects of these types of nonuniformities on electrode lifetime and performance. The results of a
series of tests on segmented electrodes are reported in the study.
2.1.6.3 The Reproduction of Flight Conditions in Hypersonic Wind Tunnels
A major technical issue for MID accelerators and other gas acceleration technologies is the
problem of adding sufficient enthalpy to the flow while maintaining the entropy within the
bounds of the targeted flight envelope. Since most MHD accelerators (such as the one at TsAGI)
operate close to local thermodynamic equilibrium (LTE), they must rely on thermal ionization of
an alkali metal seed material to achieve the requisite electrical conductivities. This generally
implies the accelerator must operate at temperatures above 2,500 K. A major deficiency of the
present TsAGI facility is the axe heater operates at a maximum stilling pressure of 20 atm and a
temperature of about 3,800 K. The ENGO report has examined the H-S relationship for the
TsAGI facility and has found the estimated conditions in the test section reflect a total enthalpy
that is too low and an entropy that is too high. This implies that either the test section Mach
numbers or the test section pressures will be lower than the corresponding post-bowshock. Since
entropy scales inversely with the logarithm of pressure, the most direct way to improve this
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situationis to eitherincreasetheoperatingpressureof thearcheaterwhile maintainingafixed
temperature,therebyreducingthestartingentropy,or increasethemagneticfield,whichwill
havetheeffectof increasingtheslopeof theH-S curves.Bothstrategiesareconsideredin the
ENGOreport.
2.2 MHD GENERATOR EXPERIMENTS
Several experiments have been performed with the intent of better defining the use of MHD
technology for the generation of electrical power. This is the inverse application of MHD to that
described in Section 2.1, where the intent is to convert electrical energy to kinetic energy.
Although the primary objective of the MAR.IAH Project was for the latter purpose, i.e.,
producing kinetic energy for wind tunnel applications, many of the performance characteristics,
materials evaluation, and operating techniques are similar or exactly the same for both cases.
Therefore, data on these power-generating experiments is highly useful. The major power-
generating program to be discussed in this report is the DOE National MHD Energy Program.
Another notable power generation experiment was the High Performance Demonstration
Experiment (I-IPDE) performed by AEDC.
2.2.1 MSE Experiments in the DOE National MHD Energy Program
The DOE Component Development and Integration Facility (CDIF) located in Butte, Montana,
and operated by MSE was responsible for obtaining MHD test data to provide the design basis
for scaling to larger MHD power generation systems. The DOE MHD Program consisted of
both topping cycle and bottoming cycle component research. This is depicted in Figure 2- 1 and
documented in a summary report (Ref. 10). The topping cycle is the portion that contains the
MHD generator, which is the topic of this section.
ENERGY 1
I
__1 _ t_c_w_ AC POWER
ELECTRICAL _, DC/ACN RGY (IX:) I INVERTER
TOPPING CYCLE I BOTTOMING CYCLE j
Figure 2- I. DOE National MHD Energy Program configuration.
The CDIF was an engineering-scale development test facility at which MHD topping cycle
components were integrated and tested. The facility was also used to demonstrate that advanced
MHD power-generating cycles could be successfully integrated with typical power plant facility
systems. Various MI-ID topping cycle components were integrated into an MI-ID power
generation system and tested, demonstrated, and evaluated. Components tested at the CDIF
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TheCDIFwas an engineering-scale development test facility at which MHD topping cycle
components were integrated and tested. The facility was also used to demonstrate that advanced
MI-ID power-generating cycles could be successfully integrated with typical power plant facility
systems. Various MHD topping cycle components were integrated into an MHD power
generation system and tested, demonstrated, and evaluated. Components tested at the CDIF
included both oil-fired and coal-fired combustors, MHD generator channels, and power
conditioning equipment.
During an 18-year period, the MHD generator system progressed through various configurations
to arrive at the POC configuration, which demonstrated the ability to produce 1.5 megawatt
electric (MWe) while operating at stress levels deemed typical of future MHD baseload
generators (Refs. 11, 12). At the conclusion of the POC testing in September of 1993, the POC
MHD generator accumulated 525 hours of total operating time and 300 MW hours with an
average peak power level of 1.2 MWe.
2.2.2 High Performance Demonstration Experiment (HPDE)
AEDC entered into a contract with the Energy Research and Development Administration
(ERDA) in December 1973 to modify existing equipment, install new hardware, and conduct an
MHD HPDE (Ref. 13). One of the primary objectives of the HPDE was to demonstrate high
enthalpy extraction in a clean combustion gas. Initial experimental results were obtained with
the channel configured in the Faraday mode. The resistive loading was selected to give low
supersonic velocities over the entire channel length. Tests were conducted at magnetic fields up
to 4.1 T, and up to 23.5 MW of power was produced (50% of design) for an enthalpy extraction
of approximately 9%.
The HPDE facility consisted of a fuel burner, an electromagnet, a generator channel, a diffuser
and exhaust system, and all supporting equipment necessary to the various facility components.
The generator channel was configured in the segmented Faraday mode, and a magnetic field of
6 T was designed to produce a nominal peak power of 50 MW at a plasma mass flow rate of 50
to 60 kg/s. System operation was limited to a nominal 15-s period for each test because of
cooling constraints. The HPDE facility was successfully operated in the power-producing mode
with a magnetic field of 3.48 T and produced electrical power at levels up to 23.5 MW with 9%
enthalpy extraction.
Depending on the magnetic field strength, the Mach number at the first loaded electrode was
approximately 1.35 (1,200 m/s) and between 1.5 and 2.0 at the channel exit. Mass flow rate for
these tests ranged between 45 and 50 kg/s, with O2-to-fuel ratios and seed percentage chosen to
give a nominal electrical conductivity of 8 to 10 mho/m at the channel inlet. The power output
was increased gradually by initially testing at a magnetic field strength of 1.6 T and later
increasing the field strength in deliberate steps to 3.9 T to evaluate the influence of selected
parameters on Faraday performance and hardware. The estimated conductivity is given for
several powered tests in Table 4- 4, which was taken from Reference 13, pp. 86. These results
confirm the required inlet conductivity levels were achieved at selected times during the powered
19
runs. Thepredictedvaluegivenin thetableis basedonathermochemicalcalculationof plasma
propertiesfor theactualfuel,oxidizer,andseedflow ratesfor eachtest. Theagreementbetween
theexperimentalconductivityandthatbasedonthermochemicalcalculationsis verygoodfor all
cases.
Table 2- 4. Summary of HPDE power production runs.
Test Total N/O Seed, Measured Predicted Peak Duration, Power,
Flow, % Cont'd., Cont'd., Field, s MW
kg/s mho/m mho/m T
6- 44.5 1.0 -1 -8.5 5.2 1.59 10 1.5
006
008 50 .976 0.8 -9 8.6 2.36 12 5.3*
010 50.5 .91 0.9 -15 9.4 2.70 7 17.6
013 49 .955 0.9 -9.6 8.0 2.78 10 12
014 49 .929 0.9 -11.6 9.1 3.20 8 22
015 50.5 .909 0.9 -7.7 7.7 3.48 10 23
*Grounded diffuser support
2.3 MHD ACCELERATOR STUDIES
This section reports on a number of MHD accelerator studies in which there was no notable
direct experimentation involved with M/-/D hardware. Among these are studies relating to an
unseeded accelerator for hypervelocity ground testing application prepared by MSE and a study
for hypersonic facility development jointly prepared by AEDC and NASA-LaRC.
With the exception of the MI-ID research being conducted in Russia, the MARIAH Project could
not identify any other foreign MHD accelerator research efforts.
2.3.1 Unseeded Nonequilibrium MHD Accelerator Concept
A unique, nonequilibrium ionization MHD accelerator that was conceived and reported by MSE
in 1992 (Ref. 14) may have the potential to provide true air chemistry, true temperature, and
hypervelocity test conditions in transatrnospheric vehicle (TAV) flight regimes that cannot be
simulated by any other ground test technologies. This accelerator concept was intended to
support fir-breathing, hypervelocity propulsion testing where a high-quality air chemistry is
desirable with the correct temperature and pressure to properly simulate atmospheric flight
conditions.
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In its simplestform,the accelerator creates and maintains nonequilibrium ionization by imposing
a strong electric field across the MHD channel. Free electrons are accelerated in the field
resulting in a substantial increase in the temperature of the electron gas relative to the heavy
molecules that make up the bulk of the flow. Collisions of these higher energy electrons with
neutral atoms and molecules result in ionization of those with the lowest ionization potential.
While the bulk gas temperature remains low, the elevated electron temperature produces a
nonequilibrium ionization condition where the ionization level is determined by the electron
temperature rather than by the heavy particle or bulk gas temperature.
The recommended concept, illustrated in Figure 2- 2, consists of an arc heater, resistance heater,
or other preheater device, followed by an optional ionization duct in which the plasma is
"preionized" by an external energy source before entering the MHD accelerator. The accelerator
may be followed by an expansion nozzle to create the desired test section conditions or used in a
direct connect configuration for air vehicle engine testing. A number of techniques have been
identified for achieving the nonequilibrium preionization, including the use of microwaves,
lasers, or e-beams. These devices may also be considered for suppleme.nting the ionization
within the MHD accelerator, ifrtecessaryi to reach more difficult test conditions.
Figure 2- 2. Unseeded, nonequilibrium MHD accelerator concept.
The unseeded, nonequilibrium ionization MHD accelerator appears feasible for producing high
enthalpy, true air, hypervelocity test conditions beyond the capabilities of proposed advanced arc
heaters and with air chemistry that will likely be of significantly higher quality than arc heaters
can produce. Test conditions were shown to approach combustor inlet conditions for free-stream
Mach numbers of approximately 12 to 20. With the magnitude of the electric field at a
maximum of 100 kV/m, the elevated electron temperature was sufficient to ionize the
equilibrium NO and produce electrical conductivities that allowed reasonable MHD accelerator
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performance.A majorissueconfrontingtheunseededconceptis thequestionof how the
elevated electron temperature can be maintained, particularly at pressures greater than
atmospheric. Based on research done to date, it is clear the accelerator must operate at low
heavy particle number densities and high electric fields, i.e., the ratio E/N must be substantially
larger than for equilibrium type accelerators. Details of this analysis may be found in Reference
15.
High Hall parameter values, due to low densities in the aft end of the channel, raise concern
about ionizational instabilities. The Hall parameter was limited when it exceeded a critical value
of five, and the electrical conductivities were reduced accordingly. Further investigation into the
effects of the ionizational instabilities under the plasma dynamic conditions in the aft of these
accelerators is essential in any future research. The Hall channel configuration should also be
evaluated in future studies. Results from this study provide useful information on the
performance of nonequilibrium MI-ID accelerators operated without seed.
2.3.2 MHD Accelerators for Hypersonic Applications
UTSI conducted a comprehensive investigation for AEDC, which revisited the concept of
hypersonic flow simulation through MHD acceleration (Ref. 15). This study reviewed previous
MHD accelerator work, conducted a theoretical analysis of performance potential, and identified
critical technology issues. The primary goal of this investigation was to identify, by theoretical
analysis, the performance potential of MHD accelerators and hot gas combinations for which
satisfactory and credible design, construction, and operating characteristics could be predicted.
This performance goal was to extend the hypersonic flight simulation limits from current arc-
driven gas generator capability into the Mach 10 to 25 range. A secondary goal was the
identification of critical technology issues, which require additional research prior to the
development of an MHD-driven test facility.
This investigation reconfirmed the potential of the MHD accelerator for hypervelocity flow
simulation. This study identified a number of critical technology areas, which should be
addressed and resolved to ensure the successful development of an MHD-augmented
hypervelocity test facility. These areas include the following:
1. Selecting and refining a hot gas generator. The candidates are the electric arc heater, a
combustion heater, and the reflected shock tunnel.
o
.
A seeding concept is proposed where vaporized elemental K is injected into the
stagnation region. This is considered a critical technology task.
Two transition nozzles are important to performance and flow quality. The critical issue
is the development of a 3-D aerothermodynamic code with complete gas chemistry and
viscous/thermal boundary layer effects.
. The MHD channel electrode is a critical component, and the following elements need to
be addressed: a) viscous, MHD code analysis, and modeling; b) electrode and channel
current density limits; c) finite electrode 3-D effects; d) improved wall friction and heat
transfer modeling; and e) channel flow quality.
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5. Developmentof amagnetsystemthatwill producethemaximumfield strengthpossible
at anaffordablecost.
6. Developmentofa dc power supply to operate at 1,000 to 5,000 V with currents up to
5,000 A.
Results of a parametric analysis of seeded MHD performance is presented in Appendix Section
B. 1. This study provides valuable analysis data on the potential performance of seeded MHD
and a good discussion of technology development issues.
2.3.3 Single-Stage-to-Orbit Advanced Propulsion Concept
A rocket-induced MHD ejector (RIME) engine has been investigated by NASA Marshall Space
Flight Center (NASA-MSFC) for an SSTO vehicle design (Ref. 16). The underlying principle
consists of transferring energy fi'om the rocket exhaust to the secondary flow (bypass air) using
MHD technology. An MHD generator is used to extract electrical energy from the hot rocket
exhaust, and this electrical energy is then used to accelerate the seeded, ionized bypass air flow
in an MHD accelerator. This energy transfer, despite the conversion losses, may be more
efficient than for conventional ejector concepts that rely on viscous forces in the mixing region
between the primary and secondary streams, and therefore, is significantly dissipative. NASA-
MSFC officials believe this concept shows promise, and it is presently being investigated. MSE
is currently developing an engine performance computer code that will model the MHD ejector
concept for NASA-MSFC.
2.3.4 Other Analytical Studies
There are various studies represented in the literature that pertain to the use of MHD acceleration
to increase the kinetic energy flow in both space vehicle and ground test facility applications.
These four studies are cited as examples, but in no way should these be considered exhaustive.
.
.
.
Nonequilibrium, chemically reacting, ionized gas flow modeling is being utilized to study
the feasibility and efficiency of MI-ID acceleration of air flows for energy addition in
wind tunnels by the MARIAH Project (Ref. 17).
UTA is supporting MSE in a NASA-LaRC sponsored program to develop MHD-
augmented ground test facility concepts for achieving real-gas hypervelocity conditions
(Ref. 18). The referenced paper reports on an effort in the theoretical and experimental
determination of electrical conductivity, which is aimed at understanding the conductivity
of air plasmas at high pressures.
A national study for hypersonic facility development has been documented by a joint
effort between AEDC and NASA-LaRC (Ref. 19). To have beneficial access to the
hypersonic flight regime in the post-2,000 era, a hypersonic technology infrastructure
will be required. As was the case for both subsonic and supersonic technology
development, hypersonic ground test facilities will be critical for success. This paper
summarizes the results of two related studies on national hypersonic facilities needs and
points out that 10 - 20 years will be required to develop and acquire these facilities.
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4. Reference21documentsresultsof a study conducted jointly by NASA-LaRC and GASL
on the subject of facility needs and options for hypersonic air-breathing propulsion
testing. As the authors emphasize, the requirements for advanced air-breathing engine
testing are more severe in terms of facility scale, test duration, dynamic pressure, and air
chemistry than for most other types of testing. The authors concluded the most
promising concepts for producing the required clean air, high-dynamic-pressure
environment were the free piston expansion ttmnel, the Piston Gasdynamic Unit (PGU),
and a Radiatively Driven Hypersonic Wind Tunnel (RDHWT) with an MHD accelerator
as a second-stage driver. The last option is referred to as the MARIAH II concept in this
report. A preliminary study of the MARIAH II concept has been completed by MSE and
is described in Appendix F.
5. A design of an MHD accelerator for an arc-heated, MHD-augmented hypervelocity wind
tunnel (Ref. 20). In this design, air would be initially preheated, seeded, and ionized by a
conventional arc heater and passed through a low Math number supersonic nozzle into
the MHD accelerating channel where the electrical energy would be added to the plasma
in the form of both directed kinetic energy and thermal energy. A secondary expansion
nozzle would be placed at the accelerator exit to further expand the flow to a
hypervelocity Mach number. The flow then passes through the test section into a diffuser
for partial recovery prior to entering a vacuum tank. The primary advantages of this
concept are the reduced initial pressure and temperature levels that must be achieved in
the arc heater to subsequently expand the flow to high velocities, as well as the possibility
of achieving equilibrium flow conditions in the test section.
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3. STATEMENT OF THE PROBLEM AND APPROACH

3. STATEMENT OF THE PROBLEM AND APPROACH
The problem of duplicating, in a ground test facility, the high enthalpy, high dynamic pressure,
high Mach number regime which is characteristic ofhypervelocity flight, has been a challenge to
airframe and engine designers for the past 40 years. The fundamental problem is to add
sufficient enthalpy in the facility flow to match the total enthalpy of the in-flight aircraft. The
problem is further constrained by the requirement that the flow through the test section must
closely match the chemistry (i.e., species composition) of true air since this is what a real vehicle
will experience. Other important requirements are that, for propulsion testing, the facility must
be of sufficient scale and pressure to faithfully reproduce the mixing and reaction processes
occurring in an actual engine and the test times must be sufficiently long to permit the heat
transfer, material thermal soak, and flow processes to come to steady-state conditions. In the
following sections the need for such hypervelocity test facilities is described, and the
requirements of a hypothetical propulsion T&E facility are given. These requirements are based
on a review of the recent literature as well as guidance received from the technical community
generally and from NASA-LaRC in particular. The requirements given in Section 3.3 served as
a basis for all of the technical evaluation of driver concepts that was performed as part of the
MARIAH Project. It is noted below that current ground test facilities are unable to meet these
requirements. Hence, in Section 3.4, some advanced driver concepts are described, which have
the potential for dramatically improving the performance of hypervelocity test facilities.
3.1 FACILITY NEEDS
Figure 3- 1, taken from Reference 21, shows the current U.S. hypersonic test capabilities. Note
that, with the exception of conventional wind tunnels and the arc tunnels, all of the facilities
shown can be characterized as impulse test facilities, i.e., as facilities that have test times of a
few ms or less. As noted in Reference 21, impulse facilities are inadequate for propulsion testing
and evaluation (developmental) purposes due to short test times. These short run times
associated with impulse facilities imply that steady-state heat conduction processes in the various
engine structures cannot be reproduced.
Another shortcoming of existing propulsion test facilities is air chemistry. Virtually all ground
test facilities compromise the chemistry of the flow stream in some way, either by the
dissociation of 02, the use of combustion processes (vitiated heaters) that introduce combustion
products into the flow, contamination due to ablation of the walls and structures, or (in the case
of MHD), the introduction of the alkali metal seed materials that are needed to achieve adequate
electrical conductivity in the MHD accelerator channel. The chemistry issue becomes
particularly acute for propulsion testing since incorrect simulation of the air ingested into the
engine inlet may confound the chemistry of the high-speed combustion process. For this reason,
there is a requirement that the flow in the test section must be close to true air.
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Figure 3- 1. Performance map of U.S. hypersonic test facilities.
Finally, a major inadequacy in present continuous flow facilities is their inability to provide true
enthalpy air temperature and pressure. Arc heaters, for example, rely on Joule dissipation to
increase the total enthalpy of the airstream. One consequence of the inherent limitations in arc
heater design is the total enthalpy in the test section is below the targeted trajectory, and the test
section entropy is higher to the right on the Mollier diagram than the targeted test point, resulting
in test section pressures or Mach numbers that are lower than the targeted test condition. This
point is addressed in greater detail in Section 3.3 and in Appendix F.
The above discussion has shown that present air-breathing test facilities are inadequate for a
number of reasons, which include air chemistry, insufficient run times, facility scale, and the
inability to provide sufficient enthalpy increase to the flow stream. These same conclusions
were reached in the Hypersonic Test Investment Plan (HTIP) report of Reference 22. Thus,
there is a demonstrated need for advanced propulsion test facilities, which can overcome all or
most of these inadequacies. If present facilities are inadequate, then the question arises as to
what constitutes a "good" propulsion system T&E facility. In Section 3.2, a provisional set of
facility requirements, based primarily on the above discussion, are developed. These test
requirements have been used to define the testing scenarios and the performance objectives of
the MARIAH Project as well as to provide a basis for conducting various analytical studies on
advanced MI-ID driver technologies.
3.2 FACILITY REQUIREMENTS
Facility requirements were addressed early in the MARIAH Project through consultation with
the NASA technical community and by conducting a review of the literature on high-speed
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groundtestfacilities. Fromthebeginning,theProjectwasconceivedasafacilitiesresearch
effort aimedat developingagroundtestfacility capableof conducting"hot" propulsiontestson
advancedintegratedhypervelocityair-breathingengines.Thebasicrequirementsof sucha
facility wereestablishedthroughextensivediscussionsbetweenMSEandthetechnicalstaffat
NASA-LaRCaswell asthroughareviewof theliteratureonhypersonictestfacilities.
Thetestrequirementsaresummarizedbelow:
1. Thetestfacility shouldbea"T&E" facility capableof test durations of the order of tens
of seconds to minutes.
. The facility should be capable of testing advanced air-breathing engine modules at near
full scale. An area cross-section for the test section of 80 t2 has been adopted as a
working number.
. The facility should be capable of simulating true total enthalpy and thermodynamic
conditions. For engine testing, this implies that the Mach numbers, total enthalpies, and
entropies should match those seen behind the bowshock of the hypervelocity aircraft.
The facility should be capable of matching post-bowshock conditions corresponding to a
2,000-1bf/ft 2 free-stream dynamic pressure with a 5 ° deflection angle shock and a free-
stream Mach number of 16.
. The facility should provide an airstream chemistry corresponding approximately to the
post-bowshock regime of the aircraft, i.e., having minimal dissociation, vibrational
nonequilibrium, and contaminants.
. The facility should be a true "T&E" facility implying high testing throughput, high
reliability and lifetimes for critical components, and versatility of the MHD accelerator
across a wide range of pressures and Mach numbers.
3.3 LIMITATIONS OF PRESENT DRIVER TECHNOLOGIES
For continuous flow testing (i.e., simulations that last for several seconds or more), the primary
means of generating hypervelocity flows has been the arc heater. These devices have several
fundamental limitations that are discussed below. Figure 3- 2, taken from Appendix F of this
document, shows total enthalpy vs. entropy corresponding to the post-bowshock conditions
experienced by a hypervelocity aircraft at selected dynamic pressures.
Figure 3- 2 indicates that to duplicate such conditions in a ground test facility will require the
total enthalpy of the gas to be increased from ambient levels to tens of millions of joules per kg.
Also shown in the diagram is the limiting envelope for arc heater operation taken from Reference
2. These devices operate at relatively low plenum pressures (below 150 atm) and high
temperatures. They suffer from the limitation that all of the energy addition occurs by way of
Joule dissipation resulting in entropy generation. This fact, coupled with a reasonably well-
defined hypervelocity flight envelope, imposes second law limitations on the amount by which
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the total enthalpy can be increased without crossing the targeted flight envelope. While the total
enthalpy is limited only by the amount of electrical power added, the thermodynamic end point
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for arc heater operation is typically too far to the right on the Mollier diagram, as can be seen
from the figure. Arc heaters can only provide true enthalpy air for simulations corresponding to
altitudes below approximately 22 km at a dynamic pressure of 2,000 Ibf/ft 2. At the higher
altitudes, the enthalpy increment added to the flow is insufficient, and the entropy levels will be
too high to match the required dynamic pressures. This implies that the test section pressures or
Mach numbers will be consistently below the targeted values. A more detailed and quantitative
discussion of the problem may be found in Appendix F.
As noted above, the fundamental limits on arc heater technology are associated with entropy
production. There are two general strategies for improving the performance of continuous
ground test facilities.
1. Improve the conversion efficiency by adding some fraction of the input power as work
rather than Joule dissipation. This will have the effect of increasing the amount of
enthalpy added per unit increase in the entropy. This is the essential argument for MHD.
As noted in Appendix F, MI-ID is the only mature technology that has the capability to
directly add work to the flow, thereby circumventing the Joule dissipation problem to
some degree.
2. Start the energy addition process at much lower entropy levels. This will permit a
greater amount of Joule dissipation to occur before the limiting trajectory is crossed.
Note that, for a specified reservoir temperature, lowering of the entropy implies
28
increasing the reservoir pressure. The entropy consideration is the fundamental reason
that arc heater development in the United States has focused on steadily increasing the
operating pressures in the reservoir.
Each of the above strategies has a driver technology associated with it. For the first strategy, the
driver technology is MHD with an unspecified heater or energy addition device upstream. For
the second strategy, the driver technology is the UHP gas piston technology first developed in
Russia. In recent years the UHP concept has been broadened and refined by the suggestion that
beamed energy, in the form of laser, microwave, or e-beam, could be added in the supersonic
expansion region downstream of the throat (Ref. 23). In this form, the concept has been called a
RDHWT. The concept is described more fully in Appendix F.
3.4 STUDY APPROACH
Research to investigate the feasibility of using high-performance MHD accelerators for
hypervelocity, air-breathing propulsion ground testing was initiated under the NASA MARIAH
Project. Analytical, experimental, and systems studies were pursued to obtain the necessary
information for assessment of this technology. Previous MI-ID accelerator research in the United
States and Russia has focused on low-pressure, arc-heated systems that can generate test
conditions for only the low-pressure flight testing applications. These accelerators produced
high Mach number test conditions that were equivalent to flight at high altitude and low dynamic
pressure; however high-pressure systems were never tested.
Renewed interest in TAVs and SSTO transportation during the 1980s highlighted the need for
clean-air, true-temperature, hypervelocity ground test facilities for the development of air-
breathing propulsion systems and propulsion integration. The USAF SAB and others identified a
need for ground test facilities capable of producing conditions far beyond those available from
conventional facilities and identified MHD as one of the few technologies potentially capable of
producing these test conditions. However, to address the needs of this generation of
hypervelocity research, MHD would need to operate in a much more harsh environment and
produce cleaner air test conditions than previously attempted, thereby presenting many new
challenges. Thus, the MARIAH Project was initiated to identify and address the issues that must
be resolved for MHD to satisfy the needs for future hypervelocity vehicle test and evaluation.
The critical issues for this application were primarily the MHD performance issues for operation
in the high-pressure environment, materials issues, and air-chemistry issues for propulsion
testing. The first was judged to be the highest priority since the others would be irrelevant if
MHD could not achieve the necessary performance levels to support the required testing. Thus,
most of the effort in the MARIAH Project was directed toward the determination of MHD
accelerator performance for the high-pressure testing application. This effort included analytical
studies to evaluate the performance of MHD accelerators operating at high pressure,
experimental studies to assess the electrical properties of high-pressure air, as well as system
studies to assess the availability and performance of various seed materials and external
ionization sources. In addition to the performance studies, preliminary investigations were
conducted to address the most critical air-chemistry issue, the effect of the seed materials on
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combustion, as well as thermal management issues, including the availability of high temperature
materials.
1-D analytical studies were conducted to map the performance of MHD accelerators relative to
the high Mach number, high flight dynamic pressure conditions identified by NASA as critical to
the development of hypervelocity air-breathing vehicles. Parametric and optimization studies
identified the regimes in which seeded and unseeded MHD accelerators can operate.
Preliminary studies indicated that electrical conductivity would be very low in the high-pressure
air required for these test conditions. Since electrical conductivity is one of the most important
MHD accelerator performance parameters, various means for erthancing the conductivity were
explored. These included the evaluation of novel seed materials such as fullerenes, novel
acceleration methods such as the Pulsation ionization enhancement concepts, and external source
ionization through the use of e-beams or microwave. Potassium has traditionally been used for
seeding in MHD accelerators and generators since it has a low ionizational potential and is
readily available. However, other alkali metals including cesium (Cs) and rubidium (Rb) have
lower ionizational potentials and could provide better MI-/D performance; however, their
availability for use in large quantity for this application was unknown. Therefore, a study of the
availability, cost, and properties of these materials was accomplished to provide the data
necessary for assessing the feasibility of their use.
A 1-D analysis with chemical and ionizational kinetics, including a Boltzmarm solver for
electron energy analysis, was necessary to address the nonequilibrium issues in both the seeded
and unseeded MHD accelerator concepts. These studies addressed the use ofnonequilibrium
ionization created by strong electric fields and/or external e-beams to enhance the MIlD
performance. A 2-D MHD accelerator analysis code was also developed to investigate the
multidimensional phenomena in these devices. This code was primarily used for evaluation of
test data from NASA Ames experiments.
A critical deficiency that was identified early in the MARIAH Project was the lack of any
experimental data on the electrical properties of high-pressure, high temperature air. Previous
MHD accelerator experiments had been conducted at low pressure, providing a considerable
amount of information on the properties and performance characteristics of both K-seeded and
unseeded air in this regime. Furthermore, the electrical properties of atmospheric air have been
extensively studied by researchers in various electrical products industries as well as in
meteorology. However, very little research had previously been conducted in the high
temperature, high-pressure regime needed for MHD accelerators, and absolutely no research had
been conducted with seeded air for these conditions.
MSE addressed these deficiencies by conducting experimental studies at UTA and at NASA
Ames. High-pressure, seeded air and N2 studies were conducted at UTA to evaluate the
electrical conductivity under typical high performance, MH:D accelerator operating conditions.
These studies provided data to verify chemical equilibrium electrical conductivity models,
examine nonequilibrium issues, and confirm predictions of electron attachment to O2 species in
high-pressure air. Additional experiments at NASA Ames were designed to investigate electrical
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dischargephenomenain high-pressureair. Specifically,thesewereneededto investigatethe
conditionsunderwhichdiffusedischargecanbeachievedaswell asthephenomenainvolvedin
thebreakdownandtransitionto strongarcsin thehigh-pressureair.
A reviewof previousMHD acceleratorexperimentsin theUnitedStatesandRussiawas
conductedto characterizetheestablishedperformancecapabilitiesof thesedevicesandidentify
thedeficitsasabasisfor thefutureresearchneeds.A studyof theRussianTsAGI MHD
acceleratorfacility, whichhasbeenoperatingfor over30years,wasalsoperformedthrougha
subcontractto TsAGI. Thesestudiesfocusedon theperformanceof thesesmall-scaledevicesas
well aschannelwall andelectrodematerials.Performancedatafrom previousU.S.experiments,
suchastheAEDCLoRhoexperiment,wasalsousedfor validationof MHD acceleratorcodes.
Table3- 1providesalist of thevariousanalytical,experimental,andsystemsstudiesthatwere
conductedby theMARIAH Project.This tablealsoindicatestheappendixsectionin which each
of thestudiesis discussedandidentifiestheapplicabilityof eachstudyto thethreeconcepts
evaluatedby theMARIAH Project.
3.4.1 Classical High Temperature, Arc Heater-Driven MHD
The defining characteristics of this type of MHD acceleration system are: a) the use of an arc
heater upstream of the MHD accelerator and b) the use of an alkali metal seed. This mode of
MHD acceleration has been studied the most extensively, both experimentally and theoretically;
therefore, one would assume it has the least technical risk.
In Appendices B.1 and B.2 of this document, we report on two separate analyses of MHD
accelerators, which were conducted as a part of the MARIAH Project, for the purpose of
investigating the performance limits of arc heater-driven MI-ID accelerators. Appendix Section
B. 1 contains a study conducted to examine the limits of conventional MHD accelerators. It was
assumed the arc heater could operate at a maximum operating pressure of 200 atm and that the
seed material was Cs. A rather detailed parametric study (presented in Appendix Section B. 1)
was conducted to attempt a first-order optimization.
The analysis in Appendix Section B.2 is based on a 1-D simulation of the entire flow train,
starting at the plenum, passing through the nozzle and MHD accelerator, and continuing through
the secondary expansion duct up to the inlet of the test section. Several issues have been
investigated using this model, such as: a) the question of pressures needed in the heater or
plenum region; b) whether e-beam addition can be utilized to enhance the unseeded flow
conductivity in the MHD duct; c) the question of seeded vs. unseeded flows; and d) issues
relating to basic thermodynamic limits of such drivers. These issues are discussed and reported
in some depth in the Appendices.
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3.4.2 Arc Heater-Driven MHD with Beamed Energy Addition
In this configuration, an arc heater or another plasma-generating technology could drive the
unseeded MHD accelerator. The distinguishing characteristic of this scheme is the use of
beamed energy addition in the form of e-beam, microwave, or laser to sustain the required
electrical conductivities.
Recombination of free electrons is a major issue in this configuration. At pressures above 1 atm,
recombination is very fast, and the length over which substantial numbers of free electrons can
be sustained will be of the order of a centimeter or less. To minimize recombination rates, it will
be necessary to work at subatmospheric pressures in the MHD channel. To stay within the
entropy limits, the low-pressure requirement will dictate high Mach number operation in the
channel that will result in low temperature as well. Some of the issues associated with the use of
beamed energy for purposes of increasing the electrical conductivity are discussed in Appendix
Section D.2.
3.4.3 The MARIAH II Concept
This mode of MHD acceleration relies on a UHP driver to confine the gas in a reservoir at
pressures of up to 20,000 arm or higher, resulting in very low initial entropies. The gas would
pass through a throat and into a supersonic expansion region where beamed energy would be
added. An MHD accelerator acting as a second-stage driver would be located downstream of the
expansion region. The advantage of this scheme is that it combines both strategies 1) and 2)
discussed in Section 3.3 to maximize the performance of the device. The high-pressure driver
permits the process to start at very low entropy levels, while the second-stage driver takes
advantage of the higher conversion efficiencies that can be realized from MHD. A major issue
here, as for the MHD with beamed energy concept, is recombination of the free electrons.
Appendix F presents an initial feasibility study of the MARIAH II concept in much greater
detail.
3.5 FACILITIES ISSUES
The single most challenging facilities issue is the huge amount of power required to drive a
hypervelocity facility that would meet the requirements defined in Section 3.2. The large test
section specified implies very high flow rates, which in turn implies very high total power
requirements. For example, to reach an altitude of 35 km on the q = 2,000 lbf/ft 2 trajectory, the
total enthalpy must be increased by about 12 MJ/kg above ambient conditions. At that point, the
post-shock mass density and velocity are 0.0232 kg/m 3 and 4,790 m/s, respectively. A ground
test facility must be capable of identically simulating these post-bowshock conditions in the test
section. An area cross section of 80 ft 2 was specified as part of the facility requirements in
Section 3.2. Since the mass flow is just the product of these last three numbers, we obtain a mass
flow rate of approximately 820 kg/s. If one assumes that all the enthalpy increase is added by
way of electric power (either in an arc heater or in an MHD accelerator), then the power
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requirementis just theproductof thetotal enthalpyincreaseandthemassflow rate,or about
9.8 gigawattelectric(GWe).Thishugepowerrequirementrepresentsaseriousfacilities issue
but doesnotby itselfconstitutea fundamentalbarrierto therealizationof thepost-bowshock,
hypervelocityflight regime. It shouldbenotedthatthe35-km,2,000-1bf/ft2point representsthe
extremetargettestpoint for thetestingof air-breathingengines.Thefree-streamMath number
atthispoint is approximately16. At free-streamMath numberscloseto 16,theenginewill in all
probability transitionto rocket-modeoperation.Pointsthatarefurtherdownontheq =
2,000 lbf_/ft2trajectory,aswell aspointsthatlie on lowerdynamicpressuretrajectories,will
generallyhavemorebenignpowerrequirements.
Otherfacility issues include those associated with downstream gas handling and the problems
associated with slowing down a very high-speed flow while managing the associated temperature
rise. The removal or handling of air contaminated with a seed material is yet another facility
issue. Since the basic objective of the MARIAH Project was to examine the issues of technical
feasibility of MHD accelerators, no specific approaches to these problems were studied in any
detail. It was assumed that associated facility engineering issues would be the subject of separate
study.
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4. MARIAH PROJECT RESEARCH SUMMARY
The research activity undertaken in the MARIAH Project includes computational studies in
which various MHD codes have been examined and modified to support predictions of MHD
system performance. Experimental studies were also performed to investigate specific MHD
performance parameters to gain an insight into their characteristics under specific conditions.
Additionally, certain issues concerning systematic elements of MI-ID accelerators, as well as
other various general issues have been researched.
4.1 COMPUTATIONAL STUDIES
Three computational studies were performed by the MARIAH Project. MSE modified a
previously developed 1-D MHD equilibrium code to predict MHD accelerator performance in
both the equilibrium and nonequilibrium modes. This code was validated against the LoRho
experimental data taken at AEDC. Two computational studies were also performed under a
subcontract with OSU. Both 1-D and 2-D codes were used to analyze MHD accelerator
performance. The detailed data on these codes appears in Appendix B of this report.
4.1.1 MSE MHD Accelerator Analysis
4.1.1.1 Overview
Parametric and optimization analyses were performed using the MSE ACCEL 1-D MHD code to
evaluate the potential of MHD accelerators in high Mach number, high dynamic pressure,
propulsion testing applications. Performance results from these analyses were compared to the
stated test requirements specified by NASA for the MARIAH Project (discussed in Section 3).
Generally stated, the NASA target test requirements for the MARIAH Project are the post-
bowshock conditions for a 5 ° deflection angle shock at a flight Mach number of 16 and
2,000-1bf/ft 2 flight dynamic pressure. Results of the parametric and optimization analyses are
summarized in Section 4.1.1.2 and 4.1.1.3 respectively and are fully documented in Appendix
Section B. 1.
All analyses discussed in this section were performed using the equilibrium, seeded model in the
MSE ACCEL code. This computer program models segmented Faraday, MHD accelerator
channel performance with a choice of four design models for studying different design
constraints. This code models seeded and unseeded plasma accelerators using equilibrium
chemistry and either equilibrium or two-temperature nonequilibrium ionization. The model
includes approximations for electrode voltage drops, boundary layer voltage drops, finite
segmentation effects, and critical Hall parameter limitations.
Verification and validation of the ACCEL code was completed prior to using the code for the
MARIAH Project analysis. This was accomplished using data from a series of experiments
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knownasLoRho (low-density)thatwereconductedattheAEDCduringthe1960s(Ref.3).
Theseexperimentsusedanarcheateraugmentedwith a linearFaradayMHD acceleratorandN2
for theworkinggas. An overviewof theAEDCLoRhoresearchandathoroughdiscussionof
thevalidationanalysisis presentedin AppendixSectionB.1.
4.1.1.2 MHD Accelerator Parametric Performance Analysis
A parametric variation of four independent parameters, one at a time, was performed to establish
the variation in performance with each parameter. Applied electrical current density, channel
operating temperature, MHD accelerator channel entrance conditions, and applied magnetic field
were each varied through a range of values to assess their effects. The parametric study results
are presented on Mollier diagrams where they are compared against the NASA specified test
condition discussed above.
Conditions for hypersonic flight at flight dynamic pressures of 500, 1,000, and 2,000 lbf/ft 2 and
flight Mach numbers from 6 to 22 are also indicated on the Mollier diagrams. Post-bowshock
conditions for a 5 ° deflection angle are also included. Performance limits for advanced arc
heaters at operating pressures up to 200 atm and data for combustor inlet conditions on these
figures are taken from Reference 4.
All analyses in the parametric study were performed by varying one parameter value at a time
using a nominal baseline parameter set, which included a magnetic field strength of 8 T, an
applied current density of 50 A/cm z, and a maximum channel gas temperature of 3,500 K. A 1%
molar fraction of Cs was used for seeding in all cases.
Figure 4- 1 presents the results of magnetic field variations for values from 6 to 30 T. High field
strength magnets will be necessary to attain high dynamic pressure test conditions, such as those
required by NASA. Of the magnetic fields studied, accelerators using 24- and 30-T fields
approached nearest to the NASA target test condition but still produced results that fell short of
the high dynamic pressure required by NASA. However, as seen in the next section where
multiple variable optimization results are presented, combining high magnetic field values with
low current density and an optimum temperature distribution produced significantly better
results.
MHD channel temperature was varied over a range from 2,700 K to 4,500 K in the parametric
analysis. Higher temperature generally resulted in lower entropy conditions at the channel exit
due to the higher electrical conductivity and the higher heat transfer to the channel walls. The
increased electrical conductivity reduced the Joule heating term (j2/o), which is an entropy
production term. The higher temperature caused a higher heat transfer rate, which reduced
entropy. However, at the highest temperatures, the heat transfer rate was so large that more
energy was lost through heat transfer than was added by the applied electrical power; therefore,
the target enthalpy could not be reached.
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Figure 4- 1. Comparison of MHD performance for various magnetic field values.
Electrical current density values were varied from 25 to 100 A/cm 2. High values of current
density resulted in the highest entropy due to the Joule dissipation term 02/o). Thus, lower
values of current density performed better, producing lower entropy values that approached
closer to the NASA target test condition. However, at the lowest values of current density,
power loss through heat transfer was larger than the applied power and again, the target enthalpy
was unattainable.
4.1.1.3 Parametric Study Conclusions
The NASA-specified target operating conditions are, as expected, very difficult to achieve. The
single variable parametric variation used in this study has provided valuable information on the
performance effects of each of the individual variables. These effects have been characterized
by variation about a baseline parameter set. None of these variations produced a solution that
closely approached the NASA-specified condition. However, these solutions provide insight
into ways in which an MHD-augmented driver can produce the higher enthalpy and lower
entropy test conditions needed.
Performance analyses using three arc-heater conditions for MHD accelerator entrance properties
were very enlightening. All arc-heater characteristics used in this study were of a 200-atm class
but operated at various enthalpy levels. An arc heater referred to as Arc-Heater #2 was to the far
right of the 200-atm performance envelope on the Mollier diagram. This arc heater provided the
MHD channel with a high enthalpy flow; unfortunately, this was also at a high value of entropy.
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TheMHD channelperformedwell in thisenvironment;however,theentropywastoo highto
allow thedesiredconditionto bereached.Theconditionsfor thearcheaterreferredto asArc-
Heater#3wasfar to the left (low entropy);however,theenthalpywastoo low to achieve
adequate lectricalconductivityfor effectiveMHD operation.Thus,appliedMHD powerheated
theworking gasthroughJouleheatingasanarcheaterwould,andtheenthalpyvs.entropycurve
for thesolutionfollowedthearcheatercurveon theMollier diagram(seeSectionB.1.5). Arc-
Heater#1wasusedfor theremainderof theoptimizationanalyses.
Increasesin magneticfield strength offer the most benefit observed during this study. High
strength magnetic fields present no problems for the high-pressure plasma of this application.
Higher magnetic fields result in shorter channels and higher operating pressures. If technology
permits, higher strength magnets could significantly improve the performance of MHD
accelerator systems.
The parametric study considered .only single parameter variations. These variations indicated
that high values of the magnetic field strength, high channel temperature, and low current density
individually lead to lower entropy solutions. Combinations of the best conditions can further
improve the performance; therefore, a multiple variable performance optimization was
performed and is summarized in the next section.
4.1.1.4 MHD Accelerator Optimization Analysis
Partial optimization of MHD accelerator performance to support the nation's hypervelocity
propulsion wind tunnel testing requirements has been performed and is summarized in this
section. These analyses extend the single parameter variation analysis that is summarized in the
previous section and reported in Section B. 1.4 by choosing the combination of parameter values
that produces the highest accelerator design performance relative to the NASA target
requirements discussed in Section 3.
Three design analyses have been completed in this study that are distinguished by the level of
technology advancement required for the development of a facility. Throughout the analyses in
Section B. 1.4 and B. 1.5, one parameter, magnetic field strength, stood out as the single most
important factor in determining the limits of advanced MI-ID accelerator facility performance.
For the high-pressure accelerators considered in this study, high strength magnets up to at least
30 T could be used to improve the performance without the detrimental effects due to high Hall
parameter that would occur in lower pressure systems. Values of the magnetic field strength of
15, 24, and 30 T have been used in this analysis.
The results of performance calculations for the three magnetic fields are shown in Figure 4- 2.
Each of the channels is 5 m long at the stagnation enthalpy level of the NASA-specified test
condition (12.15 MJ/kg). This figure also shows the effect of extending these channels to a
higher final stagnation enthalpy of 20 MJ/kg. To achieve this higher enthalpy, the channels are
extended to lengths ranging from 6.65 to 6.9 m. Table 4- 1 lists the accelerator channel exit
conditions for the 12.15-MJ/kg and 20.0-MJ/kg exits. Figure 4- 2 indicates the high dynamic
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pressuretestconditionspecifiedby NASA cannotbe achieved using the seeded air, arc heater-
driven, MHD accelerator designs considered in this study. These designs are unable to reach the
required entropy level for the 2,000-1bf/ft 2 dynamic pressure specified by NASA but do provide
test conditions for the same Math number at lower dynamic pressure, which would correspond
to flight at a higher altitude. The flight dynamic pressure and altitude were calculated for the
Math 16, post-bowshock test conditions that can be simulated usin_g these MHD accelerator
designs. These ranged from a flight dynamic pressure of 710 Ibf/fU at an altitude of 42.8 krn
(140.4 kfl) for the 15-T design to 1,200 lbf/ft 2 at an altitude of 38.95 km (127.8 kit) for the 30-T
design.
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Figure 4- 2. MHD accelerator performance for selected accelerator designs.
Finally, Table 4- 1 also lists the channel exit conditions for an extension of the channel to a 30.0-
MJ/kg exit. This design exit condition exceeds the 2,000-1bf/ft z dynamic pressure post-
bowshock condition at a stagnation enthalpy level of 27.9 MJ/kg. At this point, an accelerator
with a 30-T magnet can produce test conditions equivalent to the 2,000-1bf/ft _ dynamic pressure,
post-bowshock condition at a flight Math number of 23.4 and an altitude of 40.8 km (133.7 kft).
Fortunately, for this application, high static pressure in the channel helps to maintain the Hall
parameter at reasonably low values. For the 5-m channel designs (stagnation enthalpy of
12.15 MJ/kg in Fig. 4- 2), the maximum Hall parameter occurs in the 30-T case and is a
moderate value of 1.65. A maximum transverse electric field (F__)of 130.8 kV/m also occurs for
this case. These values are very reasonable and should not cause any operational problems in
this accelerator channel design.
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Table 4-1. Exit conditions for selected channel designs, t
Specifications
Magnetic
Field
Strength
15
24
Exit
Stagnation
Enthalpy
(MJ/kg)
12.15
12.15
Accelerator Exit Conditions
Entropy
Ratio,
S/R
29.96
29.53
Pressu re
(atm)
10.6
16.0
Mach
Number
4.16
4.16
Velocity
(m/s)
4,187
4,194
Performance Data
Electrical Wall
Power Heat
Req'd. tt Loss
(MW) (MW)
7,789 691
7,912 812
Channel Current
Length Density
(A/cm 2)
5.0 29.7
5.0 26.8
5.0 25.1
6.65 29.7
6.83 26.8
6.90 25.1
8.62 25.1
30 12.15 29.35 19.1 4.16 4,193 7,963
15 20.0 30.60 5.8 5.73 5,760 14,710
24 20.0 30.12 9.1 5.73 5,766 14,980
30 20.0 29.92
30 30.0
10.9 5.72 5,764 15,100
8.2 7.25 7,294 24,37030.23
t Channel exit temperature was 3,000 K for these analyses.
tt Does not include the electrical power into the arc heater.
872
1,160
1,436
1,570
2,631
If these accelerator designs are extended to the 20.0-MJ/kg exit stagnation enthalpy (end points
of performance curves in Fig. 4- 2), the Hall parameters are somewhat higher due to the lower
static pressure at the accelerator channel exit. Hall parameter values are moderately high and
vary from 2.35 for the 15-T case to 2.70 for the 30-T case. Finally, for the 27.9-MJ/kg case,
corresponding to the 2,000-1bf/fl a dynamic pressure and flight Math number of 23.4 discussed
above, a maximum Hall parameter value of 3.2 occurs at the exit 1. Values of Hall parameter
higher than about 2-3 can cause shorting and ionizational instabilities in some channel designs.
However, there is experimental evidence that even Hall parameter values that exceed 3 may
occur without detrimental effects. This is discussed further in Section B. 1.5.
Based on extrapolation of current technology in superconducting magnets, it is estimated that
magnets with a 15-T field strength could be developed for near-term applications (10 year);
consequently, the accelerator designs based on these magnets are considered to be in a moderate
risk category. The 24-T magnets may be available in the 20-year time frame, thus this value has
been used for a higher risk, 20-year technology design. Further technology advancement to a 30-
T magnet is considered to be high risk at present, and the future availability of these cannot yet
be estimated. These are technically possible but axe not expected to come to fruition in the
foreseeable future. However, these could be available in the 20-year time frame if technology
breakthroughs occur in the current research programs or if
lit should be noted that the Hall parameter varies from a minimum value of approximately 0.57 near the MHD
accelerator channel entrance to the value of 3.2 at the 27.9-MJ/kg point and is less than 3.0 for approximately 95%
of the channel length.
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breakthroughs occur in the current research programs or ifR&D programs are initiated to obtain
this technology. An analysis based on the 30-T magnet is included in this study for comparison.
4.1.1.5 Optimization Analysis Conclusions
Accelerator designs evaluated in Appendix Section B. 1.5 indicate that seeded MHD accelerators
augmenting high-pressure arc heaters cannot produce the test conditions required in the
M.ARJAH Project specifications (see Section 3). However, these show that flight simulations
corresponding to high flight Mach number, post-bowshock conditions at lower dynamic
pressures are obtainable. Several technologies that are beyond the current state-of-the-art are
implied by the design values used in these analyses; however, in most cases, these technologies
should be available in the 15- to 20-year time frame for development of a major new test facility.
However, the prospect of large bore, high field strength magnets being available in the 15- to 20-
year time frame is presently unknown. Six-Tesla superconducting magnets are available today,
and 8- to 9-T magnets could probably be developed using present technology. Magnets having
10- to 12-T fields are projected for near-term development, and 15-T magnets may be available
in the 15- to 20-year time frame. At present, 24- to 30-T magnet development cannot be
projected in the foreseeable future. Analyses at these field values have been included to provide
a basis for recommendations on future technology development. 2
Higher temperature materials than what is available today would help to ensure the performance
and reliability of these high performance accelerators; however, these devices could be
fabricated with today's technology if new materials are not available. Finally, advances in arc-
heater technology would be necessary before large, 200-atm arc heaters could be designed for
this application. However, other higher pressure driver technologies are presently being studied
for replacing arc heaters in the MI-ID accelerator applications, and these show excellent promise.
Furthermore, use of the 150-atm arc heaters that are available today would result in some
performance degradation but would still allow simulation of flight conditions close to those
described herein.
4.1.2 Ohio State University MHD Accelerator Flow Train Analysis
OSU conducted an analysis of MHD accelerators as a part of the MARIAH Project for the
purpose of investigating the performance limits of such devices. This research is summarized in
this section and reported in Appendix Section B.2. The analysis is based on a 1-D simulation of
the entire flow train starting at the plenum, passing through the nozzle and MI-ID accelerator, and
continuing through the secondary expansion duct up to the inlet of the test section. Several
issues have been investigated using this model such as: a) the question of pressures needed in
the heater or plenum region; b) whether e-beam addition can be utilized in an unseeded flow to
2 Information obtained from conversations with personnel at the National High Magnetic Field Laboratory,
Tallahassee, FL; Oxford Magnet Technology Ltd., Eynsham, U.K.; Wang NMR, Inc., Columbia University, NY;
Fermilab, Batavia, IL; and the National Research Institute for Metals, Fengen, Japan.
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enhance conductivity in the MHD duct; c) the question of seeded vs. unseeded flows; and d)
issues relating to basic thermodynamic limits of such drivers. These issues are discussed and
reported on in some depth in the following sections. Appendix Section B.2 also contains a
discussion of several flow stability issues. This discussion has been omitted from the present
summary in the interest of brevity.
There are several basic requirements that have been used to define the testing scenario and the
performance objectives of this study. These are presented in Section 3 above and have been
discussed in the literature (Refs. 24, 25, 26). Similar analytical studies have been conducted in
the past by several researchers (Refs. 14, 27, 28). This study is unique in that the flow model
incorporates several novel features, namely a) the inclusion of a Boltzmann equation solver for
the electron distribution function; b) the ability to simulate the addition of e-beam energy
directed into the MHD channel; c) the ability to simulate both chemical kinetics and vibrational
nonequilibrium; and d) the ability to correctly account for all important ionization processes.
These capabilities permitted us to systematically explore both the nonequilibrium and the
equilibrium flow regimes across a wide spectrum of control parameters. Details of the kinetic
model are given in Section 4.1.2.1.
The computer code developed on the basis of the kinetic model was run across a rather large set
of control parameters, including variation of seed fraction and type, e-beam energy, plenum
pressures and temperatures, and nozzle geometry (see Section B.2.3). The objective of the study
was to demonstrate the possibility of placing points on the total enthalpy vs. entropy diagram
corresponding to the post-bowshock, 2,000-1bf/ft _ flight trajectory. This has been adopted as the
limiting operating envelope for the hypothetical test facility. Conclusions of this study are given
in Section 4.1.2.1.
4.1.2.1 Kinetic Equations
To simulate the gas dynamics and kinetics of both alkali-seeded and unseeded airflows in
supersonic nozzles and MHD channels, we have used quasi-I-D nonequilibrium flow kinetic
modeling. The model incorporates the following equation groups:
1. The equations of 1-D magnetogasdynamics for nonequilibrium reacting ionized real
gases (Refs. 29, 30).
2. Chemical and ionization kinetics equations for a number of reacting species (including
electrons, ions, and electronically excited metastable species).
3. Master equation for populations of vibrational levels of three diatomic species N2, 02,
and NO (Ref. 31).
4. Boltzmarm equation for symmetric part of electron energy distribution function f(e)
(EEDF) in crossed electric and magnetic fields (Refs. 32, 33).
5. Generalized Ohm's Law (Ref. 30).
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Thefull set of equations may be found in Appendix Section B.2. The effects of vibrational
relaxation and chemical reactions are accounted for in the energy and motion equations. The
chemistry-vibration coupling terms are incorporated into both the chemical kinetics and the
master equation. Rates of electron impact processes used in kinetic equations (vibrational and
electronic excitation, ionization, attachment, etc.), as well as electric conductivity are calculated
based on the EEDF calculated by the Boltzmann equation. The latter takes into account
superelastic processes, which couple vibrational and electron mode energies. Therefore, the
system of solved equations is self-consistent.
In this quasi-l-D approach, the applied electric and magnetic fields are given as functions of the
axial coordinate: Ex(x), Ey(x), and Bz(x). Time and space derivatives in the Boltzmann equation
are omitted since they are important only in extremely fast oscillating fields and in sheath areas.
Therefore, the Boltzmann equation becomes a simple second-order differential equation with
electron energy as an independent variable solved by standard iteration method (Ref. 33). The
rest of the differential equations are first-order equations solved by a widely used stiff ordinary
differential equations (ODE) system solver (LSODE) (Ref. 34).
The list of the neutral species chemical reactions (32 reactions for 12 species N, N2, O, 02, NO,
03, NO2, N20, NO3, N204, N205, N3), as well as the reaction rates at thermal equilibrium are
taken from the Russian AVOGADRO database (Ref. 35) where the most reliable available data
has been recommended in a wide temperature range. The vibration-chemistry coupling is
modeled using the Macheret-Fridman-Rich nonequilibrium rate model (Refs. 36, 37), and the
state-specific reaction rates k(v---_,T) for the reactions
N2(v)+M __ N+N+M
02(v) + M +_ O+O+ M
NO(v)+M _ N+O+M
N2(v)+O ___ NO+ N
NO(v) + O ___ 0 2 + N
(4- 1)
used in chemical and vibrational kinetics equations are the same as in our previous paper (Ref.
38).
The list of ion-molecular reactions including ionization, recombination, ion conversion,
attachment and detachment processes (more than 300 reactions for 13 species e-, N +, N2 ÷, O+,
+ ÷02, NO, O, O2-, N20 +, NO2-, Na +, K ÷, Cs+), as well as most of the reaction rates were taken
from the review (Refs. 39, 40, 41, 42, 43). The rates of electron impact ionization and electron
attachment to the species N2, 02, NO, Na, K, Cs are calculated by the Boltzmann equation solver
using the experimental cross-sections of these processes as functions of electron energy (Refs.
44, 45, 46, 47). The latter group of processes describes kinetics of nonequilibrium ionization and
attachment of the plasma electrons in the presence of external electric and magnetic fields.
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Notethethermochemicaldatafor bothneutralandchargedspeciesis incorporatedinto thecode;
therefore,theratesof reverseprocessesareevaluatedfrom detailedbalance.Consequently,the
kinetic modelcorrectlypredictsthechemicalcompositionof alkali-seededair, includingelectron
andion concentrations,in thermodynamicequilibrium (with no fields applied). Thermochemical
parameters such as enthalpies, entropies, and specific heats of the species in the temperature
range 300-6,000 K are taken from References 48 and 49.
The rates of electronic excitation and dissociation of N2 and 02 by the plasma electrons, with the
production ofmetastable species N2(A3_+), N(2D), N(2p), O2(alAs), O2(blEg+), O(]D), O(]S), are
also calculated by the Boltzrnann solver using the experimental cross-sections (Refs. 44, 45).
Metastable species collisional quenching and chemical reaction rates are taken from the review
(Ref. 39).
The rates of vibrational excitation of N2 and 02 by plasma electrons are evaluated by the
Boltmuann solver using the experimental cross-sections Qvib°-*v (Refs. 44, 45). The detailed
cross-section matrix for N2, Q_ibv-*w, 0<v,w<8, needed for modeling of superelastic processes
(Ref. 45), is calculated using the semi-empirical method (Ref. 50). The rates of vibration-
translation (V-T) and vibration-vibration (V-V) rates for N2 and O2, including multiquantum
processes, are taken the same as in Reference 38 where they have been evaluated using the
forced harmonic oscillator (FHO) rate model (Ref. 51). These rates are in good agreement with
the recent experiments and state-of-the-art close-coupled calculations in a wide temperature
range (Ref. 51). The V-T rates for N2-Na, N2-K, and N2-Cs are taken from Reference 52. As
shown in Reference 53, these rates are consistent with the Na-seeded N2 vibrational relaxation
measurements behind shock waves.
The experimental electron transport cross-sections for N2, 02, NO, Na, K, and Cs that are
necessary for the plasma electric conductivity calculations are taken from References 44 through
46 and 54).
In these calculations, we considered the use of a high-energy e-beam as a possible efficient way
to sustain nonequilibrium ionization in the supersonic flow. Up to 50% of the relativistic e-beam
power goes into electron impact ionization (Ref. 39). This external ionization method has been
previously (and extensively) used to sustain a discharge in supersonic flows in gas dynamic
lasers (Ref. 55). The e-beam power fractions going into ionization, dissociation, and electronic
excitation of N2 and O2 in air (g-factors) are taken from the review (Ref. 39). The experimental
secondary electron energy distribution in N2 and O2 for the beam energies 50 - 2,000
electronvolts (eV) are taken from References 44 and 45 and extrapolated toward the higher
energies (Ref. 34). In this study, we do not address the high-power e-beam engineering issues
(beam entering the high-pressure flow, focusing, X-ray radiation etc.). Our primary interest is
the e-beam-initiated kinetics.
Wall heat transfer coefficient (ch) and skin friction coefficient (cf), as well as the boundary layer
thickness (_5) are estimated based on the results of turbulent compressible boundary layer theory
(Ref. 56). Heat fluxes to the electrode surfaces are estimated based upon the experimental heat
transfer measurements in MHD accelerators (Ref. 3) (see Section 2.3).
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4.1.2.2 Code Validation
Various parts of the kinetic model used in this study have been previously validated in modeling
calculations. A more detailed description of these validation exercises may be found in the
appendix. Two series of validation calculations were run for the entire simulation code,
including the recently developed MHD accelerator model. The results of the first series were
compared with the experimental data (somewhat scarce) that was obtained on the GE unseeded
air MHD accelerator (Refs. 57, 58). In these experiments, air was heated to T0--9,500 K at a
pressure P0=550 atm behind the reflected shock and expanded through a supersonic MHD
channel (channel length L=30 cm, area ratio F2/F1=2.0, magnetic field B=4.2 T). The
experimentally determined test area impact pressure in the MHD-augmented flow was
approximately 1.5 - 2 times higher than in the isentropic flow in the same channel. Figure 4- 3
shows calculated axial profiles of the gas temperature and velocity in the channel for both MHD-
augmented and isentropic flow, as well as the velocity profile obtained from the GE group 1-D
equilibrium flow model (Ref. 57). The close agreement between these two models, both
predicting about 15% velocity increase, is due to the fact that at the high temperature T_=6,800 K
and pressure P=10-30 atm; the flow in the channel is very close to the LTE.
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Figure 4- 3. Axial temperature and velocity profiles for the GE reflected shock unseeded air
accelerator.
The second series of calculations was made for the AEDC continuous mode MHD accelerator
operating with K-seeded (at 1.5%) N_ (Accelerator B of Ref. 63). In these experiments, N2was
heated by an arc heater up to a temperature of about T0--6,000 K at a pressure P0=3.3 arm and
expanded through an MHD channel (channel length L=77 cm, area ratio F2/FI=2.1, magnetic
field B=l.5 T). Figure 4- 4 shows the temperature and the flow velocity distributions along the
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Figure 4- 4. Experimental and calculated temperature and velocity axial profiles for the
AEDC K- seeded accelerator.
channel. Figure 4- 5 presents gas temperature and velocity at the channel exit as functions of the
accelerator power.
The experimental and calculated data are in good agreement, and temperature and pressure in the
MHD-augmented flow is up to 30 - 50% higher than in the isentropic flow. Nonequilibrium
effects in the channel (N2 vibrational disequilibrium) and chemical dissociation are both
insignificant. The gas temperature in the channel T-3,000 - 4,000 K is not high enough to
stimulate substantial thermal dissociation of N2, while fast N2 V-T relaxation on K atoms and
quite slow expansion prevented freezing of N2 vibrations. Again, the effective reduced electric
field was low, (E/N)eff=10 -17 Vxcm 2, so that Te_=_T in the channel. The experiments also show
the boundary layers in the channel overlap (Ref. 3) so one has a fully developed channel flow.
In both series of calculations, the agreement with the experiments is quite good. However, we
note that additional model validation is desirable, specifically for MHD flows where the flow is
far from thermal and ionization equilibrium.
4.1.2.3 Results of Simulation Studies
We applied the kinetic model described and validated in Section 4.1.2.1 for modeling of both
alkali-seeded and unseeded airflows in MHD accelerators in a wide range of plenum conditions
and for various nozzle geometries. The main objective was to determine the feasibility and
efficiency of using the MHD technology for the high Math number energy addition wind tunnel.
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Figure 4- 5. Experimental and calculated exit temperature and velocity for the AEDC K-
seeded accelerator.
All subsequent calculations are made for the nozzle throat cross-section area (F_oat=4 cm 2) and
ideal Faraday accelerator [Ex=13(Ey-uBz), jx=0 throughout the channel] with the magnetic field in
the channel (Bz =10 T). The secondary expansion duct was assumed to be 2-m long with the exit
area of 9 m 2.
4.1.2.3.1 Unseeded Flows
The first series of runs was made for the N2: O2=78:22 air for the plenum temperatures T0=3,000
- 6,000 K, and plenum pressures P0=10 - 1,000 atm. The MHD channel length was L=30 cm,
with the entrance cross-section area F]=8 cm 2 and the area ratio F2/F]=2 (geometry similar to the
MHD channel used in References 57 and 58). In all calculated cases, the Mach number at the
MHD channel entrance was M=2, and the channel entrance pressure was about 10% of the
plenum pressure (1, 10, and 100 arm, respectively). Constant loading parameter K=Ey/uBz =2
was assumed. Ionization in the MHD channel was sustained by a relativistic e-beam. The e-
beam loading per molecule D was in the range 0.0-1.0 keV/mol/s and was assumed to be
constant.
Figures 4- 6 and 4- 7 summarize the obtained results. Figure 4- 6 shows the total enthalpy of the
flow (H) as a function of the flow entropy (S), for the beam load D=I.0 ke.V/mol/s. The
exceptions are Runs #6 and #3 for which the beam load was taken to be D=0.3 and 0.1
keV/mol/s, respectively, to avoid thermal instability. The total enthalpy increase is very small
unless the plenum pressure is low. Note that all runs with D=0 did not show any enthalpy
increase since the thermal ionization of air at these plenum temperatures is too small. Figure 4- 7
gives the ratio of the total enthalpy increase (AH) to the initial enthalpy (H0) and also the ratio of
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Figure 4- 6. Total enthalpy vs. entropy diagram for the MHD-augmented unseeded airflows,
ionized by a high-energy e-beam (Db_a_=l keV/moUs):
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Figure 4- 7. Total enthalpy increase AH/Ho and beam efficiency AE_/AH for the MHD-
augmented unseeded airflows at To=3,000 K: 1,1'- Po=lO atm, 2,2'- Po=100 atm, 3,3'-
Po=1,000 arm.
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the absorbed e-beam power to the enthalpy increase (AEbcam/AH beam efficiency) for
T0=3,000 K. The nonequilibrium ionization sustained by the e-beam provides substantial flow
power increase at reasonable efficiency (AH]H0=0.5-2 and AE_am/AH=0.03-0.05) only for the
plenum pressure of P0=10 arm (channel pressure < 1 atm). At higher plenum pressures, the
power increase does not exceed 10 - 20% of the initial flow power (AH/H0<0.2), and it is mainly
due to the e-beam stimulated gas heating in recombination processes (AEt_am/AH=0.6-1.0). At
the high number densities, the recombination and electron attachment rates are so fast that the
ionization fraction sustained by the beam in the MHD channel becomes far too low to produce a
noticeable Lorentz force. For example, for the same beam load of 0.3 keV/mol/s, the ionization
fi'action in the channel is -10 5 at the channel pressure of 1 arm, _10 "6 at 10 arm, and -10 "7 at
100 arm. Since the total power addition in the full-scale high-pressure wind tunnel facility has
to be AH-1 GW and at the high channel pressure conditions AE_adAH -1, this would require
the use of about a 1-GW e-beam (in a very inefficient way). It must be emphasized that the low
efficiency of this method at high pressures is primarily due to the high rate of electron loss
(recombination and attachment), which is independent of the particular method of
nonequilibrium ionization. Since the high-energy e-beam is one of the most efficient ionization
sources available (see Section B.2.2.2), the use of any other method of external ionization in the
high-pressure MHD channels (P>I atm) is also not feasible.
The only conceivable way to efficiently use e-beams (or any other ionization source) in high-
plenum pressure flows appears to be expanding the flow down to the subatmospheric pressures
prior to creating nonequilibrium ionization. We considered the feasibility of this mode of
operation in the second series of calculations made for T0=3,000 - 6,000 K, P0=1,000 atm, and
the beam load D=I keV/mol/s. The MHD channel length was again L = 30 cm, with the
entrance cross-section area FI=170 cm z, the area ratio F2/Fl=2.35, and K=2=const. The channel
entrance Mach number now was M=5, and the channel pressure was approximately 1 atm.
The results shown in Figure 4- 8 demonstrate a considerable total enthalpy rise (up to 70%) and
reasonable beam efficiency (5 - 10%) for the high plenum and channel temperatures. Higher
temperature in the channel leads to a) partial compensation of electron attachment by thermal
detachment from the negative ions and b) slower recombination rates at the lower number
density.
The slope of the H(S) curves on the Mollier charts (Figs. 4- 5 and 4- 7) is:
tanO = dH - dQ'°_l T= j. E T=
dS dQ,he,,,a I j . E - u . (j × B)
_K(K-1)uZB_ K
_(K_l)2uZB__ T- K-1T (4- 2)
49
2OO
150
100
50
i
25
Total enthalphy, HpRT,,f
D_,.-=I keV/mol/m
Po=IO00 arm a__,_./z_=o.o4e
/
P_ad= I arm ,,,'
/J
sJ
J
/
.s
/
I
," &._,,,=j'zglt=o088
,_. s o •
_s
To=3000 K
......... To=4500 K
..... To=6000 K
i i l i i i I i i i I i i i, i i i i I i l i I i
27 29 31 :33 35 37
Entropy, S_/R
Figure 4- & Total enthalpy vs. entropy diagram for the high-plenum pressure (Po=I,O00 atm)
MHD-augmented unseeded airflows, ionized by a high-energy e-beam (D_,=I keV/mol/s).
The flow is expanded to P-I atm before entering the MHD channel.
with the steepest slope dH/dS corresponding to the highest value of Tavg. Reducing the loading
parameter would not increase since it would reduce the total power added to the flow
proportional to K (K-l) [see Eq. (4- 2)] and inhibit the Joule heating, which would result in
further reduction of Tavg.
The third series of calculations for the full-scale accelerator was made for To--5,000 K,
P0=l,000 arm, mass flow rate G=17.4 kg/s, and beam loads 0.0-2.0 keV/mol/s. The MHD
channel length now was L=140 cm, with the entrance cross-section area Fl=200 cm 2, and the
area ratio F2/Ft=l.65 (channel entrance Mach number M---5, channel pressure P=l-2 arm). To
prevent the large-scale thermal instability (see Section B.2.3.3) leading to excessive gas heating
in the channel and increasing chemical dissociation, the loading parameter at high temperatures
was reduced:
K=l.5, T < 2,500 K
(4- 3)
K = 1.0 + 05. (T / 2,500), T > 2,500 K
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Theresultsof calculationsare shown in Figures 4- 9 - 4- 12. Figure 4- 9 presents the obtained
H(S) curves, plotted together with the target values for TAV ("flight envelope"). Although the
total enthalpy of the flow increases 1.5 - 2.5 times, the flow entropy is considerably larger than
the target values. The main reason, as discussed above, is the low MHD channel entrance
temperature [see Fig. 4- 10 and Eq. (4- 2)]. Therefore, while the calculated Mach numbers in the
MHD-augmented flow are close to the target values and conditions, the flow pressure is more
than an order of magnitude lower than the pressure behind the bowshock (see Table 4- 2).
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Figure 4- 9. Total enthalpy vs. entropy diagram for the full-scale unseeded air MHD
accelerator with external ionization by an e-beam. Po=1,000 atm, To=5,000 K, L--140 cm,
FJF1=l.65. Dashed lines- TAV flight envelope. Also shown H(S) for the GE reflected shock
unseeded air accelerator.
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Figure 4- 10. Axial temperature and velocity profiles for the accelerator of Fig. 4- 9 for
different beam loads.
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Figure 4- 11. Axial profiles of pressure and species mole fractions for the accelerator of Fig.
4- 9for different beam loads.
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Figure 4- 12. Axial profiles of the translational temperature, vibrational temperature of N2,
and electron temperature for the accelerator of Figure 4- 9for Dbea,,,=l keV/mol/s.
Table 4- 2. Unseeded air MHD accelerator performance.
Left and central subcolumns-target values for Pdy,=2,000 and 1,000 lbf/ft 2, respectively; right
subcolumn - present calculations.
Case H, MJ/kg S/R U, km/s M
1 7.2 7.0 6.9 27.9 28.6 28.9 3.76 3.64 6.3 9.4 9.0 8.9
2 11.6 11.0 11.4 28.7 29.3 32.1 4.78 4058 4.60 10.9 10.4 10.4
3 13.6 14.6 14.5 29.0 29.9 33.5 5.16 5.31 5.15 11.4 11.3 10.9
4 15.8 16.9 17.2 29.3 30.2 34.8 5.58 5.71 5.49 11.8 11.8 10.9
Case P,mbar Yo,% YNO,% Tv(N2)
41.1 21.4 12.8
35.7 18.5 2.0
34.4 17.2 1.3
33.1 16.1 1.3
0.4
1.5
5.6
14.7
7.0
6.2
6.2
6.2
1574
2776
2857
2455
0.0
0.3
1.0
2.0
AEbeam)
MW
0.0
6.5
21
41
MW"
0
77
130
176
Note that raising the beam load increases recombination losses (the ratio AEbea_/AFI, (see Table
4- 2). In particular, this makes greater the average loading parameter Kavg defined as the ratio of
the total power going into internal degrees of freedom to the total power into kinetic energy. For
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thisreason,theslopedH/dSactuallydecreaseswith thebeamloaddespitethefacttheTavg
becomeshigher(seeFigs.4- 9 and4- 10).
Thecalculatedtransversecurrentdensityin thechanneldid notexceedjy=l 0 A/cm2.
Finally, Table4- 2 showsatensof megawattionizationsource would be needed to operate the
full-scale facility at the channel pressure of about 1 atm. The beam efficiency can be improved
by further reducing the channel pressure, but this would lead to even greater flow entropy rise
because of the lower channel entrance temperature according to Equation. (4- 2). The e-beam
load 0D) can be simply related to the beam current density (jbeam) and the energy of the beam
electrons (Sbeam) that determines the penetration length:
l_0.5 (s_m/300)_35 (4-4)(0/1.2)
where l is in m, Sbea,,, is in keV, and p is in kg/m 3 (Ref. 39). For the conditions of Table 4- 2,
keeping in mind that 1 -=2r = 0.2 m, and the absorbed beam power AEb_m=eDNx(Ll2)=jbe,,m
Sb_,,mx(Ll), one has st,e_m-30 keV, and for D=I keV/moUs:
eDNI
j_,,, = = 0.3A/ cm 2 (4- 5)
S beam
4.1.2.3.2 Seeded Flows
The first series of runs was made for K-seeded (at 1%) air for the plenum temperatures To= 3,000
- 6,000 K and pressures P0=10 - 1,000 atm. The MHD channel length was L=30 cm, with the
entrance cross-section area Fl=8 cm 2, and the area ratio F2/FI=2-25. Again, in all calculated
cases, the channel entrance Mach number was M=2, and the channel entrance pressure was about
10% of the plenum pressure. All runs for the K-seeded cases at T0=3,000 K did not show any
flow acceleration due to MHD augmentation since the thermal electric conductivity of the
mixture was too low. Calculations for T0=4,500 K demonstrated noticeable total enthalpy rise
AH only for the plenum pressures ofP0=100 atrn and lower. Since the results for the K-seeded
cases were marginal in terms of MHD acceleration, these results are not shown. Plots for these
cases may be found in Appendix Section B.2. We note the totally enthalpy rise AH also
increases with the channel area ratio that results in the lower channel pressure. This is
understandable since the term describing the flow acceleration in the motion equation is
inversely proportional to the gas density:
du jyBz c_(T)uB_ (K - 1)
dt p p
(4- 6)
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whereo(T) isproportionalto theionizationfraction_e=ne/N.Thus,to producethesame
accelerationatthehigherpressure,higherionizationfraction(andthereforehigherplenum
temperature)isneeded.Finally,substantialaccelerationfor Po= 1,000atmwasobtainedonly at
thehighestplenumtemperatureconsidered(T0=6,000K) and also for the large area ratio
F2/Fl=9-25. One can conclude from these results that the K-seeded MHD accelerator, which
requires plenum pressures of approximately 1,000 arm (see Table 4- 2), should also operate at
high-plenum temperatures of T0_6,000 K. This limit can be somewhat lowered if a seed with
lower ionization potential (e.g., Cs) is used.
The second series of runs was carried out for the full-scale Cs-seeded (at 0.5%) air accelerator
for plenum conditions T0=5,000 K and P0=l,000 atm (mass flow rate G=17.4 kg/s). The MHD
channel length was L=140 cm with the entrance cross-section area Fl=8 cm 2 and the area ratio
F2/F]=36 (channel entrance Mach number M=2, entrance pressure P=120 atm). The loading
parameter was again limited to prevent the developing of the thermal instability (see Section
B.2.3.3) and the current density becoming too high:
Jy max
K = 1.0 +- (4- 7)
uB z
Figure 4- 13.
airflows.
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The calculated H(S) curves are shown in Figure 4- 14 for different values ofjymax, plotted
together with the target TAV trajectory data. One can see that at these conditions the total
enthalpy can be increased up to 5 times if the maximum current density does not exceed
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jymax=100 A/cm 2, while the flow entropy rise is considerably less than for the unseeded flows
discussed in Section B.2.3.1 (see Fig. 4- 9). Although the flow entropy is still somewhat greater
than the target value (see Fig. 4- 14), the seeded accelerator performance is clearly much better.
NO and O fractions in the test section are much less than in the unseeded accelerator at
comparable total enthalpy (Table 4- 2 and Table 4- 3). Also, the calculated flow pressure is now
only 1.5 to 4 times less than the pressure behind the bowshock (see Table 4- 3).
Table 4- 3. Cs-seeded air MHD accelerator performance.
Left and central subcolumns - target values for pdyn=2,000 and 1,000 lbf/ft 2 respectively, right
subcolumn - present calculations.
Case H, MH/kg
1 7.2 7.0 6.7
2 13.6 14.6 14.1
3 18.4 19.4 19.7
4 24.8 25.7 25.2
5 33.2 33.8 33.9
S/R
27.9 28.6 28.3
29.0 29.9 30.8
29.6 30.4 31.4
30.2 31.0 31.9
30.9 31.6 32.5
U,km/s
3.76 3.64 3.53
5.16 5.31 5.14
6.02 6.14 6.07
6.99 7.07 6.88
8.08 8.12 7.98
M
9.4 9.0 9.1
11.4 11.3 11.5
12.3 12.2 12.3
13.1 13.0 13.1
13.9 13.8 13.7
Case
1
2
3
4
5
P, mbar
41.1 21.4 14.5
34.4 17.2 3.9
32.1 16.1 5.4
30.4 15.3 6.3
29.1 14.7 9.6
ycs,%
0.5
0.5
0.5
0.5
0.5
Yo,% YNO,%
0.01
0.6
1.6
2.9
5.1
4.5
4.3
4.1
4.2
4.9
Tv(N2)
1992
2630
2829
2944
3078
Jltmax,A/cm 2
0
30
5O
70
100
The latter result is in agreement with the criterion of Equation. (4- 2). First, the average channel
temperature in the Cs-seeded MHD accelerator is generally higher than in the e-beam controlled
channel even though it is being controlled to reduce chemical dissociation (see Figs. 4- 9 - 4-
16). Second, the average loading parameter in these runs is considerably lower (I_,,#1.1-1.3 vs.
Kavg----1.6-1.8 for the unseeded rims); consequently, the greater part of the input power goes
directly into the flow kinetic energy and does not contribute to the entropy rise. Figure 4- 16
shows the efficiency of the first half of the channel is less than that of the second (du/dx is lower)
due to the higher gas density near the channel entrance [see Eq. (4- 6)]. The flow in the channel
is very close to the thermochemical equilibrium, which is also confirmed by the equilibrium
chemical composition calculations. However, freezing of molecular vibrations (despite the fast
V-T relaxation of N2 on Cs and oxygen atoms) and of chemical composition of the mixture in the
test area is still well pronounced.
The boundary layer growth in the channel is quite significant. An estimate based on Schlichting
(Ref. 56) gives 8/r--.0.25 at x/L=l(Rex=107). The calculated heat transfer losses, although quite
large, did not exceed 15% of the initial flow power. However, the calculated local wall heat
fluxes in the channel reach 10-20kW/cm 2 for jy_x=100 A/cm 2, which may severely limit the
operation time. It is noted that these heat fluxes are quite comparable to those observed
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experimentally by the Russian researchers (see Appendix E of this report). Run times reported in
that facility are approximately 1 to 2 seconds, and reported electrode lifetimes are in the range of
10 - 15 seconds.
4.1.2.50SU One-Dimensional Analysis Conclusions
The results of the modeling calculations based on the quasi-1-D kinetic model described and
validated in Section B.2.2 allow us to make the following conclusions:
.
.
The use of high-energy e-beams (or any other external ionization source) to sustain
nonequilibrium ionization in high-pressure MHD channels is not feasible due to the
fast electron loss in recombination and attachment processes. In the high-plenum
pressure (Po--1,000 arm) flows, e-beams can be efficiently applied to create
nonequilibrium ionization only after the flow is expanded to low pressures P _< 1
atm.
In the latter mode of operation, nonequilibrium ionization sustained by an e-beam
allows considerable increase of the total enthalpy of the flow (1.5 - 2.5 times, M-11
in the test section) due to MHD augmentation. However, in this ease, the static
pressures in the test section are more than an order of magnitude lower than
required by the TAV flight envelope.
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. The test section flow chemistry is poor and becomes steadily worse with the
increase of the total enthalpy due to both e-beam initiated dissociation and thermal
chemical reactions.
. The high-plenum pressure (P0-1,000 atm) alkali-seeded flows, which also require
high-plenum temperatures (To > 5,000 - 6,000 K), look more promising for the wind
tunnel application. Calculations for Cs-seeded flows predict up to a 5 times total
enthalpy increase (test section Math number M-14). Predicted test section static
pressures are also closer to the reference values (although still 1.5 to 4 times lower).
The calculated oxygen atom and NO concentrations in the test section are
considerably lower than for the unseeded flows.
5. The predicted test section flow parameters can be obtained in a flow stable with
respect to large-scale thermal instability.
6. Simple thermodynamic analysis shows the advantage of adding energy to the flow
by means of a body force over the purely thermal energy addition.
Although the quasi-1-D model used in this study has the capability of analyzing nonequilibrium
effects with respect to chemistry, electron energy distribution, and vibrational states, it
nonetheless suffers from some inherent limitations. The most severe limitation is its inability to
correctly simulate geometric effects. A correct multidimensional simulation will require the
solution of a generalized Poisson partial differential equation to correctly predict the potential
function across the duct and especially in the sheath and boundary layers. This subject is
covered in Appendix Section B.3 of this report.
4.1.3 Enhancements to and Validation of Ohio State University Two-Dimensional Analysis
Code
Reacting plasma flows occur in a wide variety of discharges. The characteristics of such
discharges vary widely depending on operating conditions, geometry, and the characteristics of
the gaseous medium. The experiments conducted by the NASA Ames researchers underscore
the need for a simulation model that enables theoretical investigation of gaseous discharges in
high-speed flows. A detailed simulation model allows the relative importance of various
phenomena to be assessed for a given discharge configuration. It has the added quality of
predicting parameters of interest that cannot be obtained experimentally. The research described
below was conducted by the OSU computational plasma physics group and was primarily
directed toward developing high-performance simulation tools to understand the physics of
gaseous discharges occurring in high-speed reacting plasma flows. This research, including the
code validation efforts, is summarized in Sections 4.1.3.1 through 4.1.3.5. A more complete,
detailed description of this research can be found in Appendix Section B.3 and summarized in
Section 4.1.3. This section is restricted in scope to a discussion of the code upgrades and the
verification exercises that were conducted to validate the code. A discussion of the application
of the code, which simulates the NASA Ames experiments, appears in Section 4.1.4.
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4.1.3.1 Overview
The OSU 2-D reacting plasma flow code has been developed over a period of several years by
the computational plasma physics group at OSU. This code solves the unsteady, compressible,
Navier-Stokes equations coupled with an energy equation and a set of species equations
describing the chemical kinetics. The unsteady equations describing flow, chemical kinetics, and
electromagnetics are solved in a fully coupled manner. This enables transient, as well as steady-
state solutions, to be obtained for a wide variety of flows, both subsonic and supersonic. The
experiments conducted at NASA Ames involve unsteady, supersonic MHD flows with
considerable air plasma chemistry. The OSU code has excellent capabilities in terms of being
able to simulate both the high-speed gas dynamics and the chemical kinetics in time-dependent
multidimensional flows. Prior to the MSE subcontract, the numerical algorithm and code had
undergone several validation exercises, as explained in Section B.3.3.1 through B.3.3.3. The 2-
D code developed at OSU was an ideal choice to model the complex interactions between
electromagnetics, flow, and chemical reactions taking place in the shock tube experiments
conducted at NASA Ames. Finally, the time-dependent capability of the code lends itself
naturally to the simulation of the highly unsteady flows characteristic of impulse facilities. For
these reasons, it was selected over other candidate codes as a starting point for the developmental
efforts described below.
The OSU computational plasma physics group, under subcontract to MSE, conducted the
research described in this section. Ultimately, the objectives of this research were to apply the
upgraded code to simulate the NASA Ames testing scenario to use the code as an investigative
tool to aid in the interpretation of the test data, and finally, to apply this validated code to
realistic MHD accelerator problems. To accomplish this, several enhancements were developed
and implemented in the code, as directed in the MSE/OSU Statement of Work (SOW). The
primary tasks defined in the subcontract are described below.
1. Generalize and extend the OSU 2-D unsteady reacting flow code to study the
chemical kinetics of air and "pseudo-air" plasmas in high-speed flows. This required
the chemical rate database be upgraded to include rate data for the N20 + N2 reaction
products ("simulated air") used in the NASA Ames Test Program.
2. Modify modules of the code to study the interaction of applied electric and magnetic
fields with the charged species. This task required the modification of the Poisson
solver developed earlier to accommodate the effects of an applied magnetic field as
well as the tensorial constitutive relationship between current density and electric
field (Generalized Ohm's Law). The derivation of the governing partial differential
equation for the electric potential is given in Section B.3.2.
3. Modify the existing geometry to permit computations in rectangular ducts. The
original code was restricted to axisymmetric geometries.
4. Upgrade the numerical algorithms. This involved the use of efficient block-
tridiagonal matrix solvers for all of the high-level solution algorithms.
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5. Validatethecodeagainstexperimentaldata,especiallytheacquireddatafrom the
NASA AmesTestProgramdiscussedin SectionA.2.
As discussedin subsequentsections,Tasks1through4 werefully accomplished.Task5was
partiallyaccomplished.A thoroughanalysisof theNASA Amesdatawasaccomplishedthrough
theuseof boththeOSU2-DcodeandtheOSU 1-Dnonequilibriumcodedescribedin Section
B.2. However,in usingthe2-Dcode,it wasfoundthatgridresolutionandcomputerun time
becamesignificantproblemslargelydueto thefactthatverystrongshockswerepresentin the
NASA Amesexperiments.TheshockMachnumberswereashighas10- 12in somecases,and
thepressureratiosacrosstheshockwereashighas350. Resolvingtheshockregionadequately
requiredtheuseof anextremelyfinegrid,whichgreatlyincreasedthecomputingtime. It should
benotedthatin itspresentform,theOSUcoderequiresauniformgrid; consequently,if one
refinesthegrid to accommodateashocklayer,thegridmustberefinedto thesamelevel
everywhereelse.
Lack of knowledge of conditions upstream of the shock presented another source of difficulty in
conducting the 2-D simulations. The computation appeared to be quite sensitive to the precise
values of the input parameters (pressure, temperature, velocity) specified at the inlet to the
skimmer tube. Incorrect specification of such parameters led to numerical difficulties or
erroneous results. To resolve these issues, attempts were made to model the propagating shock
in N2 without chemical reactions. The conditions in these simulations were specified to be the
same as in the NASA Ames experiments. This was performed as a test case solely for the
purpose of investigating the fundamental convergence problems. In this mode, it was possible to
reduce computing time and circumvent numerical problems arising due to stiffness of chemical
reactions. Several simulations were conducted to study the effects of different inlet boundary
conditions on numerical stability and the results of the simulations. The research is summarized
in the following subsections. The reader is referred to Appendix Section B.3 for a more in-depth
discussion of the results.
4.1.3.2 Model Description and Governing Equations
For present purposes, a continuum description is assumed to hold. This allows the plasma to be
treated as a conducting fluid. This approximation is valid in the reacting plasma flows studied in
this work since the mean-free paths are much less than any length scale of interest. The
governing equations are essentially the compressible Navier-Stokes equations supplemented by
species continuity equations and Maxwell's equations. A complete description of these flowing
plasmas requires a coupling between the flow, chemical kinetics, and electromagnetics. The
resulting set of governing equations describes the close interaction between several physical and
chemical processes. In addition to the governing equations, appropriate initial and boundary
conditions, transport properties, and rate coefficients are needed to complete the theoretical
formulation of the problem. Solving this set of equations is a computationally intensive task that
challenges the best numerical algorithms and available hardware. Variable properties, presence
of jxB body forces, ohmic heating, species diffusion, and chemical reactions with ionization/
recombination processes render this system of equations extremely nonlinear and stiff, which
makes them difficult to solve.
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The governing equations for the OSU 2-D model consist of the following time-dependent
equations.
1. Conservation of mass.
2. Conservation of the streamwise component ofmomenturn.
3. Conservation of the transverse component of momentum.
4. Energy balance equation.
5. Equations for individual species balance.
6. A generalized Poisson equation for the electric potential (derived from Maxwell's
equations). The derivation of this equation is presented in Appendix Section B.3.
7. Constitutive equations (such as the generalized Ohm's Law; the equation relating
pressure, temperature, and density; and the empirical relationships that specify the kinetic
rate data as a function of temperature and pressure).
The species conservation equations given in this section include effects of chemical kinetics
only? Since the gaseous medium in the NASA Ames experiments consist of a mixture of N20
and N2 (to reproduce the same composition as air for the post-shock conditions), the following
species are modeled because they are the most important. The relative importance of the various
neutral and ionic species was obtained by equilibrium calculations performed at the operating
conditions of temperature and pressure in the NASA Ames experiments. On the basis of these
calculations, the following species are included in this detailed study: N2, O2, N, O, NO, NO +,
N20, NO2, and electrons. The set of chemical reactions associated with these species is:
N2+M _ N+M
O 2 + M ¢:_ O+ O+ M
NO+ M _ N+ O+ M
N 2 + O ¢:_ NO+ O
O 2 + N ¢::> NO+ O
NO_ + M,_ NO+ O+ M
N20+ M _ N 2 + O+ M
N+ O ¢::> NO+ + e -
In the above reactions, M denotes any of the possible heavy particle species, hence, 48 chemical
reactions are being modeled in the set of governing equations.
3 Internal mode disequilibrium was not included in this model used to validate NASA AMES
experiments.
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Species continuity equations were written for seven species: atomic nitrogen, molecular
nitrogen, atomic oxygen, molecular oxygen, NO, nitrogen dioxide (NO2), and electrons. In each
of the species conservation equations, the right-hand side represents the rate of change in
concentration due to chemical reactions. Quasi-neutrality is assumed, and hence, the electron
concentration is set equal to the concentration of NO +. The concentration of nitrous oxide (N20)
is then obtained from the equation relating mass density to the individual species concentrations.
A detailed description of the rates used in the above equations is contained in Section B.3.4.
In implementing the code upgrades, the algorithm thatcomputes the vibrational kinetics was
developed separately from the algorithm that computes the chemical reactions for the air (or
simulated air) species. This approach allowed evaluation of the computing time required for
incorporating vibrational nonequilibrium in a molecular discharge. Such a development strategy
also permits independent testing of the codes and thus enhances code reliability. The two
separate modules can be combined to obtain a code capable of simultaneously studying
vibrational nonequilibrium and chemical reactions in air plasmas. These modifications have thus
laid the foundation to study chemical reactions and internal mode disequilibrium (vibrational
modes) in high-speed air plasmas in some detail.
The computation for the electric potential (_) proceeds on the assumption that at any stage in the
computation: the electrical conductivity (cr), Hall Parameter (13), fluid velocity ( 0 ), and the
applied magnetic induction (B) can be computed locally. Two other simplifying assumptions
have been made, the first being the local charge density e(ni- ne) is assumed to be negligible
everywhere. This is the standard charge neutrality approximation commonly made in MHD
problems. The approximation is likely to be invalid in the near-electrode sheath regions. For
example, very close to the anode surface, electrons will be strongly drawn to the anode, whereas
positive ions will be repelled. The presence of the electrode prevents the ions repelled from the
sheath region to be readily replenished by diffusion processes as they are in the outer regions
(i.e., there are few, if any, ions flowing from the anode into the gas). The net effect is a
polarization of electric charge that is created, leading to a nonneutral charge density distribution
in this thin layer. The problem is further complicated by the fact that properties of the electrode
material (such as the work function) will influence the diffusion of electrons and ions across the
sheath region. Thermionic emission or field-enhanced thermionic emission may also be
important, implying the wall heat-transfer will be strongly coupled to electron emission. In view
of the complexity of the problem and the limits on available resources, it was determined that
only the core flow electric fields would be computed. These would be adequately simulated by
the charge neutrality assumption.
The second simplifying assumption is that the magnetic Reynolds number is much less than one.
This assumption is tantamount to assuming the currents induced in the plasma will not
significantly alter the internal magnetic field. Thus, the local magnetic field is everywhere equal
to the applied magnetic field. For purposes of simulating MHD accelerator problems, this
approximation is generally valid.
Using the above assumptions, the governing equations for the electric potential are the Maxwell
equations for electric field and the current conservation equation. The details of the derivation of
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thegoverningpartialdifferentialequationfor theelectricpotentialareomittedherebut may be
found in Appendix Section B.3. The full set of governing partial differential and algebraic
equations is given in Appendix Section B.3 but is not repeated here.
The above sets of governing equations describe flow, chemical kinetics, and electromagnetics.
These equations are time-marched in a fully coupled manner to obtain spatial and temporal
variations of parameters of interests such as mass density, velocities, temperature, species
concentrations, and electric potential.
4.1.3.3 Method of Solution
The governing equations given in the previous section describe the interaction between several
complex physical and chemical processes. This makes the system of equations very stiff;
therefore, it is necessary to time-march the system of equations using implicit methods.
However, implementation of implicit methods requires an intensive programming effort in
contrast with explicit methods. Implicit methods aimed at solving a coupled system of equations
are known as block-implicit methods developed originally by Lindemuth and Killeen, McDonald
and Briley, Beam and Warming, and Briley and McDonald originally for solving the unsteady,
compressible Euler and Navier-Stokes equations _ef. 59). In the present study, the Linearized
Block Implicit (LBI) method of Briley and McDonald is used to time-march the unsteady set of
governing equations in an implicit, fully coupled manner (Ref. 60). Implicit methods allow
stable time marching of the system of equations with larger time steps (as compared to explicit
method), which makes it possible to obtain solutions within reasonable amounts of time. The
LBI method essentially consists of an implicit scheme in which the solution is linearized by a
Taylor expansion about the value at the previous time level. This produces a set of coupled,
linear, difference equations that are valid for a given time step. The implementation of this
method to reacting and plasma flows is explained in greater detail in Reference 61 and will be
briefly described here.
The system of governing equations is transformed from the physical domain to the
computational domain. The transformed equations are then linearized and discretized. In each
coordinate direction, the time derivatives are discretized using the Crank-Nicholson method,
whereas spatial derivatives are discretized using central differencing. The Douglas-Gunn
Alternating Direction Implicit (ADI) method is used to split the 2-D operator self-consistently
into two 1-D operators, This procedure gives rise to block tridiagonal matrices in each coordinate
direction. Such matrices can be solved quite efficiently using LU decomposition methods (Ref.
62). A uniform, nonstaggered grid is used, and the dependent variables are treated implicitly in
all the governing equations. Transport properties and rate equations (which depend on
temperature and species concentrations) are treated explicitly. Explicit treatment of these
quantities enables different models of transport properties to be used without extensive code
modifications.
The governing equations are written in conservation-law form, and hence, shocks and
discontinuities are obtained as part of the solution, thereby requiring no special treatment. The
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shockis smearedovera fewgrid points;however,thesimplicityof theapproachgreatly
outweighstheslight compromisein resultsobtainedusingshock-capturingmethods.
Basedon theanalysisandexperimentalresultsof Section4.1.3andAppendixSectionsD.2 and
D.3,it canbeconcludedthatbeamedenergyadditionmaybeusedto providesubstantial
enhancementof ionizationin anMHD acceleratorchannel.Themainlimitationon theuseof
lasers,microwaves,or e-beamsfor thispurposeis thatthesetechnologiesareall limitedto
subatmosphericpressuresdueto rapidelectron-ionrecombinationratesat highpressures.
4.1.3.4 Verification and Validation
The complexity of the governing equations describing plasma flows makes it imperative to test
the model and the code at every stage to ensure accurate results. The algorithm used to study
reacting plasma flows is amenable to extension from quasi-1-D to 2-D and 3-D situations. Our
efforts to develop a modular high-performance reacting flow code have progressed in stages of
increasing complexity. The OSU 2-D code was used to simulate quasi-1-D cold flows. The
results of these simulations were compared with analytical solutions for isentropic flow. These
1-D simulations are discussed in Section 4.1.3.4.1. This was followed by 2-1) axisyrnmetric cold
flow calculations. Next, the electromagnetics were included to simulate the presence of an arc in
the 2-D axisymmetric formulation. These simulations were then applied to a variety of cases.
Internal flow simulations in arcjet thrusters with hydrogen (H2) as the propellant were studied for
two different geometries corresponding to two different power levels; 30 kW (Ref. 63) and 1 kW
(Ref. 64). These simulations included simple reactions in H2 but disregarded internal mode
disequilibrium. No analytical solutions exist for these flows. To verify the accuracy of the
results of our simulations, detailed comparisons have been made with available experiments for
the 1-kW arcjet geometry (Ref. 64). This model has also been used to study internal and external
flows in welding plasmas to explore completely different plasma densities. Additional 2-D
imulations on electric arc welders are also discussed in Section 4.3.4.2. The results of these
simulations have also been compared with available experimental data. In the interests of
brevity, only the isentropic quasi-l-D analyses are discussed below in any detail. The 2-D
validation exercises are briefly summarized in Section 4.1.3.4.2. The reader is referred to
Appendix Section B.3 for a detailed discussion of the 2-D results.
4.1.3.4.1 Results for Quasi-l-D Isentropic Flow
In this section, results for three case studies involving quasi-1-D flows are presented and
compared with analytical solutions. The geometries used in these simulations have an exit-to-
throat area ratio of 10, 100 and 225 (1-kW arcjet geometry). These three case studies bring to
fore the ability of the numerical scheme to handle widely varying geometries and serve to
identify the limits of the model's applicability. The area-ratio 10 and 100 configurations were
each studied with two different grid sizes (150 and 1,500 grid points) for two different values of
3' (ratio of specific heats): 1.4 (diatomic gases) and 1.67 (for monatomic gases). Flow in the
1-kW arcjet geometry (see Fig. 4- 20) was studied for two different grid sizes (150 and 1,500)
for 3,=1.4. The variation of Mach number in the streamwise direction obtained from these
simulations was compared with analytical solutions for isentropic, quasi-l-D flows.
65
F..xlt-Throa ,J,r_-.P, allo - 10
e] L " : ' _
/ I Gamma 1 1.4 gdd ,, 150
5_ -- GIrlrna=l.4,dd,1500 S 1
/ - /
| o Garnnw,.S/3gtid,,150 /_-_'_ |
4 .,,-"
.,@'
2 '_
0 1 2 $ 4 5 6 7 8
_i_h
Figure 4-17. Comparison of analytical and computed results (Area-Ratio = 10).
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Figure 4- 18. Comparison of analytical and computed results (Area-Ratio = 100).
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Figures 4- 17 through 4- 19 show comparisons between quasi-1-D code predictions and
analytical relationships for the Mach number in an isentropic flow for exit-to-throat area ratios of
10, 100 and 225, respectively. The figures show the effects of different grid-sizes and 3'- As can
be seen, the calculated values match analytical solutions closely. The difference between the
predicted values and theoretical values is largest in the supersonic region near the exit plane
(approximately 10% in the case of the coarse grid), yet, with finer grid spacing, this discrepancy
is reduced. Also, as area-ratios increase, the discrepancy increases. For a given area ratio, the
error is greater for 3,=1.67 than for 7=1.4 because larger gradients occur in the flow in the
diverging section for monatomic gases compared to diatomic gases.
As Figures 4- 17 - 4- 19 show, the agreement between analytical results and the computations is
quite good. The maximum discrepancy is about 10% for the case of coarse grids. This
discrepancy is due to the effect of artificial dissipation (Ref. 65) and truncation errors. The
artificial dissipation term used here is in the form _-x_/0x2 where ex is given by 0.5owdx with
dx being the mesh spacing and _g is any dependent variable. As expected (in all the case studies),
the effect of numerical dissipation is larger for the coarser grids. It must be mentioned that the
analytical results for isentropic flow do not take into consideration the effects of friction.
However, the LBI scheme requires the addition of artificial dissipation for stability of the time-
marching procedure. Addition of artificial dissipation introduces effects similar to viscous
effects. It is well known that friction decelerates supersonic flows. Temperatures obtained from
quasi-l-D computations are higher when compared to the analytical solutions. Axial velocities
in the quasi-l-D simulations are lower than those values given by the analytical solution;
therefore, the Mach numbers computed from the quasi-1 -D simulations are lower than those
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predictedby analyticalsolutions.Theinfluence of artificial dissipation is highest in regions
close to the exit plane where the discrepancy is largest. Reducing ex by a factor of 10 in the
supersonic regions of the flow alone reduced the discrepancy to less than 1% for the nozzle
geometry with an exit-to-throat-area ratio of 10.
The present code has the capability to provide results for quasi-l-D flow problems that converge
to the twelfth decimal place within a few seconds or a few minutes of central processing unit
(CPU) time on a Silicon Graphics Indigo Workstation. The CPU time depends on the initial
guess and number of grid points. It is this highly efficient feature of the LBI algorithm that
makes it attractive for computations involving multidimensions and large coupled sets of
governing equations.
4.1.3.4.2 Multidimensional Verification and Validation Exercises
To validate the 2-D capabilities of the OSU code, two series of computations were run: one for
an H2 arcjet thruster and a second for an electric arc welder. In both cases, the geometry was
axisymmetric, and their experimental data was available for comparison against the
computational results. For the arcjet thruster, experimental data on H2 atom concentration and
streamwise velocities in the exit plan was available, and for the electric arc welder the available
measurements were for radial pressure profile, total current, and total power input. Comparisons
were conducted against both the computed and measured parameter sets.
Hydrogen Arcjet Thruster Simulations
Arcjet thrusters have primarily been targeted as low-power, high-specific-impulse (Isp~l,000 s)
space propulsion devices. These thrusters are currently used for North-South Station Keeping
(NSSK) of communication satellites in geosynchronous orbits. Arcjet thrusters impart directed
kinetic energy to a propellant stream by ohmically heating it and subsequently expanding to
supersonic speeds. In addition to aerospace applications, the thrusters also have terrestrial
applications in the area of materials processing. Arcjets are used commercially in the growth of
freestanding diamond films and coatings.
Essentially, the device is comprised of an inlet plenum, a converging section, and a straight
portion called the constrictor followed by a diverging section or supersonic nozzle. The
propellant enters the inlet plenum relatively cold and unionized at subsonic speeds. The flow
entering the plenum is randomly injected with swirl (which some believe stabilizes the arc). This
cold, unionized gas is rapidly heated by an arc discharged between the cathode and the anode as
a result of an electric field applied between the two electrodes. The heated gas reaches near-
sonic speeds by the end of the constrictor and rapidly expands in the diverging section to
supersonic speeds. The propellant in this study was molecular hydrogen (H2).
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Thegoverningequationsdescribingarcjetflow aresimilarto theconservationequations
describedin thesectiononmodeldescription.Theyareadaptedto thecaseof H2arcjetsand
solvedto obtainthevelocity,temperature,andspeciesconcentrations.In thisstudy,the
following reactiveprocessesareconsidered:
H2 + H2 ¢:> H+ H+ H_
e-+ H ¢::> H++ e-+ e-
H2+ e- <==> H+ H+ e-
H+H 2 _ H+H+H
The plasma in the H2 arcjet is assumed to be composed of molecular hydrogen (H2), atomic
hydrogen (H), electrons (e-), and singly ionized hydrogen atoms (H+), H2 is the only diatomic
species. No vibrational states of H2 are considered here, and a single temperature is used to
describe the heavy particles and the electrons. Quasi-neutrality is assumed, which allows us to
set the number density of e equal to that of W. Therefore, in this case study, the species
conservation equations are written for H and electrons. The concentration of H2 is then
evaluated using the algebraic relationship between mass density and the species concentrations.
Flow through two different arcjet thrusters have been modeled, specifically a 30-kW arcjet
thruster (Ref. 63) and a 1-kW (Ref. 64) arcjet thruster, with H2 as the propellant. Unfortunately,
no detailed experimental results for the 30-kW arcjet geometry exist. However, experimental
measurements have been performed on 1-kW arcjet thrusters (see Fig. 4- 20) with H2 as the
propellant by groups at the U.S. Air Force's Phillips Laboratory (Edwards Air Force Base) (Ref.
66) and at Stanford University (Refs. 67, 68). The operating conditions for these experiments
were a power level ~1.4 kW, current=10 A, and a mass flow rate of~13 mg/s. Simulations for
these experimental conditions (geometry, propellant, and operating conditions) were performed
in order to compare directly with experimental measurements. In this subsection, results from
numerical simulations are compared with experimental data.
In Appendix Section B.3 comparisons are made between the results of 2-D simulations with
experimental measurements from References 66, 67, and 68, along the exit plane of the 1-kW H2
arcjet thruster. A comparison of the predicted H2 atom concentration at the exit plane against
experimental data indicates quite good agreement across the exit plane. A comparison of the
experimental vs. the computed stream-wise velocities along the exit plane also shows good
agreement. The simulation under predicts the experimentally observed values along the
centerline by about 10%. It must be mentioned that other single temperature models published in
the literature also under predict velocities at the exit plane in a similar manner (Refs. 69, 70).
The arcjet computations are discussed in much greater detail in Appendix Section B.3. These
computations are valuable because they provide a reasonably severe test of the ability of the
OSU simulation code to correctly model a high-speed flow, which is characterized by a high
degree of thermal and chemical nonequilibrium.
69
17.416
] [_./f///_11.:1 l
..-I)
O.254
Figure 4- 20. Schematic of the 1-kW arcjet geometry (all dimensions in mm).
Electric Arc Welder Simulations
Electric arc-welding processes consist of an electrode and a workpiece of opposite polarities. An
arc is struck by applying an electric field between two electrodes causing current flow through
the partially ionized gas column (established between the electrodes). The heat generated in the
arc produces the high temperatures needed to sustain the gas in its ionized state. The thermal
energy is transferred to the workpiece primarily due to particle fluxes (Ref. 71) causing it to
melt. Further details concerning the arc welding process are given in Appendix Section B.3.
A plasma-welding arc using Ar as both the plasma and shield gas was studied. A single reaction
modeling electron impact ionization of Ar and its reverse (three-body recombination) was
modeled. The Ar plasma was assumed to consist of At atoms, singly ionized Ar atoms (Ar+) and
electrons (e'). A single equation describing the conservation of electrons is solved with the
governing equations describing the flow and electromagnetics. Concentration of Ar+ is equal to
the electron concentration since quasi-neutrality is assumed. Concentration of Ar atoms is
obtained from the overall mass density and electron concentration.
The plasma welding process was modeled in two separate stages, namely plasma flow within the
torch body (internal flow) and the plasma jet impinging on the work piece (external flow). The
governing equations describing these two situations are the same; however, the boundary
conditions for the internal and external flows are different. A simple and inexpensive diagnostic
technique is used in the present work for model validation. A radial pressure p4rofile was
measured on a water-cooled copper plate, while the plasma jet impinged on it. This measured
4 These experiments were conducted in the Department of Industrial, Systems, and Welding
Engineering, at OSU (see Ref. 72 for details).
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radial pressure distribution was compared with calculated pressure profiles. Model predictions
were compared with experimental results at three different current levels. As in the case study
on arcjets, the total stagnation pressure, total current, and power level were made to match
experimental conditions to enable direct comparisons. Details of the geometry, boundary, and
initial conditions are given in Reference 61.
The results of simulations are compared with the experiment for conditions listed in Table 4- 4.
Table 4- 4. Operating conditions for plasma welding torch.
Polarity
Plasma Gas
Shield Gas
Plasma Gas Flow Rate (CFH)
Shield Gas Flow Rate (CFH)
Current (Amps)
Stand-offDistance (in.)
Power (kW)
Straight
Argon
Argon
13
35
100and 150
3/8
2.2
Spatial variations of temperature, velocity, and ionization fraction (in both the intemal and
external flows) are discussed in detail in Reference 61. In Appendix Section B.3 a comparison is
made between the predicted radial distribution of static pressure along the surface of the cooled
workpiece and experimental data for a total current of 100 and 150 A, respectively (Ref. 72).
The experimental data in both these figures shows the plasma jet tends to remain collimated.
The arc pressure (gauge) drops sharply to values close to zero within a distance of about three
times the nozzle radius from the centerline. The simulations predict a broader pressure profile as
compared to the experiment because of the combined effects of the simple heat-transfer model
used to simulate the cooling of the copper plate and effects of numerical dissipation.
Nevertheless, the results of the simulations agree with the experiment.
4.1.3.5 Ohio State University Two-Dimensional Analysis Conclusion
OSU's model and numerical technique have been rigorously tested to simulate a wide variety of
discharges. The quasi-l-D ducts, the arcjet thruster, and the plasma torch differ widely in
geometries, operating pressures, and gas compositions. Nevertheless, the model and the
numerical scheme have been able to successfully simulate these different cases with reasonable
accuracy. It is of importance to point out there are no adjustable constants in OSU's
formulation; consequently, it is a truly predictive tool. Comparison with experiments for both
cases studied show excellent agreement. The generality, stability, and accuracy of the numerical
method/model make it a valuable tool to study reacting and plasma flows.
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4.1.4 Analysis of the NASA Ames Experiments
This section summarizes the results of an analysis performed by the OSU, which addresses the
interpretation of the experiments done at NASA Ames. These experiments are described in
detail in Appendix Section A.2 and are summarized in Section 4.2.1. A more detailed discussion
of this analysis is given in Appendix Section B.3.4.
The interpretation of the shock tube ionization data measurements at NASA Ames requires
analysis of coupled vibrational relaxation, molecular dissociation, and ionization behind the
shock. First consider nonequilibrium ionization behind shock waves in air. The kinetic
mechanism of this process is well established. In particular, the principal mechanism of
ionization for shock velocities of Us<7 km/s is associative ionization in collisions of N and O
atoms (Ref. 73):
N+O---> NO÷ +e (1)
The ionization process cannot begin until a sequence of dissociating reactions produces
monatomic nitrogen and oxygen. The full reaction set is given in Appendix Section A.2. Here
we note that the reaction of vibrationally excited 02 with a heavy particle constitutes the
bottleneck for the overall reaction set:
O2(v) + M---> O+O+ M (2)
The symbol (v) behind a species indicates vibrational excitation of this particular species
enhances the reaction rate. Since vibrational processes are important, it is essential to model the
chemical kinetics coupled with the vibrational-translational (V-T) relaxation of N2, O2, and NO:
AB(v) + M -+ AB(v + av) + M (3)
In Equation 3, AB stands for diatomic molecule, v is the vibrational quantum number, and Av is
its change in a collision (note that Av is not necessarily equal to 1). In addition, vibration-
vibration (V-F) energy exchange between the two most abundant air species is also of
great importance:
N 2(v) + 0 2(w) --+ N 2 (v + Av) + 0 2 (W - AW) (4)
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As soon as atomic oxygen appears in the flow, NO and N atom production can begin in the chain
reactions. The net rate of this chain process is strongly dependent on the vibrational temperature
of N2, which makes vibrational relaxation of N2 another bottleneck. Note that other associative
ionization processes such as:
N + N-_N2 + + e and O + O-_O2 + + e (5)
as well as charge transfer processes such as:
NO + + N2--->NO + N2 ÷ and NO ÷ + O2---_NO + 02 ÷ (6)
are not important at shock velocities less than about 7 km/s because of the much greater
ionization potentials of N2 and 02.
4.1.4.1 One-Dimensional Simulations
The kinetic processes discussed above have been extensively studied in the past. Both the
experimental rates of dissociative reactions and theoretical models of coupled vibrational
relaxation, dissociation, and ionization are available in the literature (Ref. 74). For the present
study, a 1-D normal shock/nonequilibrium flow code is described in some detail in Section B.2.
Briefly, the code solves master equations for the populations of each vibrational level of N2, 02,
and NO, which is fully coupled with the set of chemical kinetics equations for a number of
neutral and charged species, including N, N2, O, 02, NO, N20, NO2, NO +, and e, Boltzmann
equation for the electron energy distribution function, and 1-D gas dynamics equations (see Refs.
17 and 75 and Appendix Section B.3.4 for details).
Calculations using this code show that ionization behind the shock proceeds in accordance with
the well-known qualitative scenario discussed above. Figures 4- 21 and 4- 22 show translational
and vibrational temperatures as well as species mole fractions behind the 4-km/s shock in air as
functions of Pit (i.e., the product of the static pressure ahead of the shock and the laboratory
time). Figure 4- 23 compares the calculated ionization rise time "r(time to reach the equilibrium
electron concentration behind the shock) with the available experimental data (Refs. 76, 77, 78,
79) showing satisfactory agreement. One can see that P_'r does not exceed 1 Torr.bts for the
shock velocities Us>4 km/s. In other words, for the conditions of the NASA Ames experiments
(us=4.5-5.0 krn/s, P1=5-35 Torr, P2=2-13 arm), the ionization rise time shot_ld not exceed 0.1 Its.
However, the measurements report ionization rise times of tens of microseconds _s) (see Fig. 4-
24).
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Figure 4- 21. Translational and vibrational temperature distributions behind the normal
shock wave in air. Shock velocity Us--4 km/s.
The fact that the NASA Ames ionization measurements have been made not in air but in N20-
N2=53.2:46.8 mixture to increase the available test time may considerably change the ionization
kinetics. Can the presence of N20 result in the increase of the ionization time up to tens of
microseconds? We cannot directly model the process of N20 vibrational relaxation and
dissociation behind such strong shocks. The translational temperature overshoot immediately
behind a 4.5-krn/s shock wave in such a mixture exceeds T=10,000 K (the equilibrium
temperature is T_q=5,500 - 6,000 K), while the vibrational relaxation data for N20 (to the best of
our knowledge) is available only up to T=2,000 - 2,500 K.
Based on the low temperature data and the results of Reference 80, one can say that the
vibrational relaxation time for N20 is orders of magnitude less than that for either N2 or 02. For
this reason, it can be assumed that N20 behind the shock reaches equilibrium with the
translational temperature instantaneously, as compared to N2 and 02 (let us call this assumption
"case A").
On the other hand, the energy spacing between the N20 level 00°1 and first vibrational level of
N2 is fairly small (107 cm'l), which facilitates rather fast vibration/vibration energy exchange
between these two modes. The rate of this process is induced by the dipole-quadruple interaction
at T=2,000 K is k,_-10 -11cm3/s (Re£ 80). Therefore, one can also make a somewhat opposed
limiting assumption that the v3 mode temperature is equal to the vibrational temperature of N2,
while the other two modes are still in equilibrium with the translational temperature ("case B").
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Figure 4- 22. Species mole fraction distributions behind the normal shock wave in air. Shock
velocity us=4 km/s.
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Figure 4- 23. Ionization rise time behind the shock wave in air.
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Figure 4- 24. lonization rise time at the NASA Ames shock tube experiments.
In this case, the simplest phenomenological approach, widely used for modeling of
nonequilibrium dissociation of diatomic molecules (Ref. 74), is to evaluate the N20 dissociation
rate using the "effective" temperature T °= [TxTv(N2)] ]/z. Note the dissociation energy of NzO in
Reaction (7)
NzO+M--_N 2 +O+M (7)
is much lower than that of N2 (32,000 K as opposed to 113,000 K), and N20 is expected to
dissociate behind the shock much faster than N2.
It is not clear which of the two processes (i.e., assumption A or B) would dominate at the high
temperatures oft = 6,000 - 10,000 K: V-T self-relaxation of N20 or V-V exchange N20(v3)-
N2. However, the two opposite assumptions (cases A and B) permit estimates of the lower and
upper limits for the ionization rise time in the N20-N2 mixtures, respectively.
As is discussed in Appendix Section B.3.4, in both of these cases, the presence of the rapidly
relaxing and dissociating N20 results in a faster production of atomic species, which
substantially accelerates ionization. For the shock velocities us=2-4 km/s, the calculated
ionization rise times in the N20-N2 mixture are always much shorter than in air. Therefore, we
must conclude that the long ionization rise times observed in the NASA Ames experiments
cannot be due to the relaxation processes in the flow behind the shock. The observed ionization
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time,up to fewtensof microseconds,mustbepertinentto aparticularmethodof conductivity
measurementshat involvestrongperturbationof theflow by theappliedelectricfield andthe
inducedcurrent.
Anotherobservation made in the calculations was that, at these conditions, the flow reaches
almost complete thermodynamic equilibrium at the temperature Teq soon after the shock arrival
(less than 1 bts), which is expected at these high temperatures and pressures.
In addition to calculation of vibrational distribution functions of the diatomic air species and
species concentrations, the OSU 1-D nonequilibrium flow code also allows calculation of the
electron swarm parameters of the high-enthalpy gas flows, including its electric conductivity.
The conductivity is evaluated using EEDF, calculated by the Boltzmann solver, and the
experimental values of the electron transport cross-sections for N2, 02, NO, N, and O as
functions of electron energy. The comparison of the equilibrium electric conductivity of air
calculated by the code with available experimental data and other theoretical calculations shows
good agreement. In addition to showing it reaches the equilibrium value behind the shock
extremely fast, the results of the 1-D conductivity calculations for the NASA Ames experiment
conditions also show that the ionization level is unlikely to be enhanced by the applied fairly low
electric field. Indeed, the estimated reduced electric field in the core flow (outside the sheath and
the boundary layer) did not exceed E/N---0.5 x l0 -16 V cm 2, which is more than an order of
magnitude lower than the breakdown threshold. Even for the applied voltage of V=400 V, the
electron temperature exceeds the gas temperature (T-5,500-6,000 K) by only about 500 K. The
resultant field-induced (electron impact) ionization rate in the core flow is minute compared to
the thermal ionization rate in process (by 15 orders of magnitude) (Ref. 73). However, due to the
large current drawn (current density up to j=100 A/cm2), the ohmic heating of the flow may be
substantial (also reaching a few hundred degrees K), which may result in a noticeable
conductivity increase. Figures 4- 25 and 4-26 compare the calculated flow conductivity with the
experimentally measured "pseudo-conductivity," defined as:
jd
cr =- (4- 8)
U
wherej is the current density, U is the applied voltage, and d = 3.1 cm is the interelectrode
distance. First, at P2 = 2 atm and U = 400 V, which is close to the maximum quasi-steady-state
voltage applied in the experiment, the ohmic heating results in about 15 - 25% conductivity
increase. As expected, at P2=13 atm the effect is much smaller since the ohmic heating term is
proportional to the factor crE2/pu, where 9 is the gas flow density. Second, one can observe that
at the small-applied voltage, the measured pseudo-conductivity is much smaller than the
theoretical value, approaching and sometimes exceeding it as the voltage increases.
77
1.6
1.2
0.8
0.4
Conductivity, Mhos/cm
I-D Flow Code, U=O
.... 1-D Flow Code, U=400 V
ooaoo Experiment _ _ _
f
370 ,.""
14_ 128
o r', 122
o 80 8383 o
0 0
°'°3oo'' 45'oo"
Shock velocity, m/s
'' 5100
Figure 4- 25. Calculated and experimental flow conductivity in an NzO-Nz=53:47 mixture.
Pz=2 attn.
One can easily show the NASA Ames data demonstrates the presence of the field-induced
ionization in the test section between the electrodes. Let us take as an example a run at P2 = 2
arm, Us = 4.5 kin/s, Tcq = 5,575 K, and nc/N = 0.88.10 .4 (see Fig. 4- 27). The flux of electrons
entering the test section with the flow is Q = ned2(us-u2) = 8.7-1020 l/s, where u2 ---0.6 krn/s is the
velocity of the compressed gas with respect to the shock velocity. If all of the electrons are
removed from the flow by the applied field, the current would reach maximum. The maximum
current that can be obtained without additional ionization produced in the test section is
Is=eQ=140 A. Most strikingly, this value of the current, which corresponds to the saturation
current of the non-self-sustained Thomson discharge (Ref. 81), can be obtained only at
enormously high-applied voltage (Ref. 82).
In Equation (4- 9), It+ ~10 -'3m2/'V/s is the ion mobility. The currents measured by NASA Ames
at P2=2 alan exceeded 1,000 A at voltages of 300 - 400 V (see Fig. 4- 28) unambiguously
demonstrates that some additional ionization definitely occurs in the interelectrode region. Since
we have already shown the core flow reduced electric field is far too low to produce any electron
impact ionization, the boundary layer/sheath region is left as the only place where this ionization
may occur. Thus, the electric discharge in the test section is clearly an intermediate case
between a completely non-self-sustained Thomson-type discharge and a completely self-
sustained discharge (such as a regular flow discharge). It is sustained both by the external
ionization source (electrons arriving with the flow) in the core flow and by the electron
production in the near-electrode regions, where the breakdown certainly must occur.
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Based on these elementary arguments, we can conclude that the core flow [like any discharge
sustained by external ionization (e.g., by ultraviolet (UV) radiation or by e-beam)], should be
fairly stable with respect to the ionization instabilities since there is no direct feedback between
the electric field and the ionization rate for the core flow. The ohmic heating of the core flow,
potentially leading to the greater thermal ionization, might be controlled by the supersonic flow
expansion. On the contrary, the sheath region (where ionization is sustained by the strong
electric field) may be unstable. In addition, ohmic heating of the slow flowing boundary layer is
much more difficult to control. The core flow, where the electric field is far too weak to sustain
the electron production, serves as a stabilizing factor so that an arc filament, even if developed in
the sheath, cannot propagate across the channel. This, as well as a quite short flow residence
time in the test section (<10 _ts), may explain why breakdown was not observed in the NASA
Ames experiments. The situation may be quite different if the electrodes are sectioned and not
only transverse but also if axial electric fields are applied (to reduce the Hall current). This will
generate strong axial field regions (between the edges of the closely spaced adjacent electrodes)
located in potentially unstable high electric field sheath regions. For this reason, the "axial"
arcing between sectioned electrodes located on the same wall appears to be much more probable
than the "transverse" arcing, which was not observed by NASA Ames.
The qualitative interpretation of the NASA Ames pseudo-conductivity measurements appears to
be quite straightforward and is mostly consistent with the conclusions suggested by the NASA
Ames group. At low applied voltage, most of the voltage drop must occur in the sheath to
sustain higher electric field and ionization. In this regime, space charge in the sheath is shielding
the core flow so the electric field might be actually very low and much lower than the U/d ratio.
This reason is why the conductivity determined from Equation. (4- 8) is much lower than the
theoretical value for the core flow (see Figs. 4- 25 and 4-26) where the applied voltage is
indicated beside the pseudo-conductivity value. As the voltage increases, the sheath voltage
drop becomes an increasingly smaller fraction of the applied voltage, and the pseudo-
conductivity value should be approaching the theoretical value. Since it is clear from Figures 4-
25 and 4-26 that the ohmic heating of the flow cannot explain the higher-than-equilibrium values
of the pseudo-conductivity, especially at high pressure, and the electron concentration in the core
flow is at its equilibrium value, the effect of the cun'ent propagating along the hot sidewall
boundary layers might be a likely explanation.
The anomalously long ionization rise times (see Fig. 4- 24) are at least partially due to the finite
size of the electrodes. It takes the shock about 7 _ts to pass the electrodes, and this time might be
somewhat increased due to the edge effects. However, the rise time tends to decrease as the
pressure increases (see Fig. 4- 24). The two main reasons for this long rise time are the thermal
boundary layer buildup behind the shock (as has been pointed out by the NASA Ames) and also
sheath formation, which is controlled by the drift of electrons and ions in strong fields near
electrodes and the nonequilibrium ionization. The latter process also controls the electric field
value in the core flow.
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4.1.1.4.2 Two-Dimensional Calculations
To analyze the effects of the boundary layer, we have also attempted 2-D simulation of a
propagating shock wave using the Navier-Stokes flow code developed at OSU (Ref. 83). For
complete understanding of the ionization kinetics in the near-electrode regions of the test section
of the NASA Ames experiments, analysis of coupled boundary layer and sheath effects, which
requires solution of chemical kinetics equations and the Poisson equation for the electric field,
needs to be performed. For example, it is not clear what would be the electron concentration
near the cathode. The concentration may be affected by the boundary layer temperature as well
as the strong repulsion from the cathode in a strong electric field. However, the effects of
chemical reactions and electromagnetics were not included in the present simulations of very
strong shocks. The purpose of this study was to determine the appropriate formulation
(consistent set of initial and boundary conditions) that would allow a further numerical modeling
of strong propagating shocks. This is a crucial first step following which effects of chemical
reactions and electromagnetics can be included with confidence. Prescribing appropriate
boundary conditions at the inlet of the skimmer tube is perhaps the most important issue in the
formulation.
Shock propagation through a 45-cm-long tube (corresponding to the length of the skimmer tube
and the electrode region in the NASA Ames experiment) containing N2 was investigated. One of
the main objectives was to reproduce the energy loading to the driver gas to match the shock
velocity and static pressure (obtained experimentally) at the inlet of the skimmer tube, which is
accomplished by the prescription of a stagnation pressure and stagnation temperature. In these
simulations, it is assumed the diaphragm is at the inlet of the skimmer tube. These stagnation
conditions would be related to temperature and pressure at the inlet of the skimmer tube using
the following relationships:
1. The inlet velocity is obtained by setting dw/dx = 0 at the inlet, where w is the axial
component of the flow velocity
2. To = Tinlet + Winlet2/2Cp
3. P0/Pinlet = (T0/Tinlet) "t/7"l
The first derivative of all dependent variables in the radial direction is set to zero along the wall
and the centerline. The second derivative of all dependent variables in the axial direction is set
to zero at the exit of the tube. A further discussion of the assumed initial conditions is given in
Appendix Section B.3.4. It is also pointed out in that section that the major difficulty associated
with accurately computing a numerical solution to the NASA Ames testing scenario is one of
grid size and CPU time. Because of the presence of strong shocks, it is necessary to use a very
fine grid in the region near the shock. Since the flow code is based on the use of uniform grids,
this implies the grid must be very fine everywhere. The Courant condition dictates that the finer
the grid, the finer must be the time step, hence a well-resolved solution for a strong shock will
require dramatically increased computer nan times compared to cases in which only weak shocks
are present.
81
Theresultsfor thecaseof thedrivertubebeingat2 atmandthedriventubebeingat 5.2atmare
shownbelow. Centerlineprofilesof pressure,temperature,andgasvelocity areshownin
Figures4- 28,4- 29,and4- 30. Eachof thefiguresshowsprofilesatthreeinstantsof time asthe
shockpropagatesthroughthetube.
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Figure 4- 28. Variation of gas velocity along the centerline at three different instants of time.
The pressure profile shows the drooping characteristics expected following the rupture of the
diaphragm (Ref. 84). The velocity profiles follow the pressure profile; therefore, the pressure
drop allows the acceleration of the gas behind the shock. The velocity profile also shows the
relaxation of the gas velocity far downstream of the shock. The oscillations seen along the shock
front are due to the simulations being carried out on a fixed grid and the use of central
differencing of the spatial derivatives.
The pressure ratio along the shock front predicted by the simulations is about 1.3 alan as against
the pressure of about 2.2 arm reported in the experiments. The reasons for this are discussed in
detail in the appendix. Briefly, this pressure mismatch is due to: a) a mismatch between the
actual diaphragm location and the simulated location, which was done to reduce computational
time; b) the energy loading of the gas in the initial instants following diaphragm rupture may not
be correctly simulated; and c) effects due to artificial dissipation that is introduced to stabilize
the shock calculations.
Finally, Figures 4- 31 and 4- 32 show contour plots of the axial velocity and the translational
temperature near the test section.
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Figure 4- 31. Contour plot of the axial component of gas velocity near the test section.
Outermost contour represents a velocity of 314 re s; innermost contour represents a velocity of
2,519 m/s; the increment is 725 m/s. The region shown in the figure is 7. 75 cm long.
Unlike in steady-state supersonic flows, the boundary layer behind the shock is initially cold
since the shock front does not penetrate into the viscous layer. It takes quite a long time for the
thermal boundary layer to heat up. For example, the flow in the test section at the pressure of 1.3
atm does not reach the steady state for at least 40 Its after the shock arrival (see Figs. 4- 31 and
4- 32). This confirms the explanation for the long ionization rise time we suggested in the
previous section. Further development of the OSU Navier-Stokes code, which will extend its
ability to model high-pressure discharges in reacting flows behind strong ionizing shocks, is
currently underway. It is expected to provide new insight into the problem of stability and
efficient control of such environments.
4.1.4.3 Ohio State University's Analyses of NASA Ames Experiment Conclusions
1-D and 2-D analysis of kinetics of vibrational relaxation, chemical reactions, and ionization
behind the normal shock waves in air and in the N20-N2 mixture showed:
° In the shock tube ionization experiments performed at NASA Ames, the core flow
reached vibrational, chemical, and ionization equilibrium extremely fast, over a
period of less than 1 Its. The observed long ionization rise time cannot be explained
by the relaxation phenomena. 2-D modeling suggests this anomalously long delay of
ionization is due to the slow heating of the boundary layer behind the shock.
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Figure 4- 32. Contour plot of the gas temperature near the test section. Outermost contour
represents a temperature of 2, 000 K; innermost contour represents a temperature of 16, 000 K;
the increment is 2,00OK. The region shown in the figure is 15.15 cm long.
2. The estimated reduced electric field in the core flow is very low (E/N<0.5x 10 -16 V
cm 2) even at the lowest pressure (P2 =2) atm and cannot result in any nonequilibrium
ionization.
3. The measured current-voltage characteristic of the discharge in the flow indicates the
presence of electron impact ionization in the sheath regions.
4. Core flow, where ionization is not self-sustained, is a stabilizing factor. The sheath
regions, operating in a post-breakdown regime, are inherently unstable. This result
indicates that the most likely instability scenario in a segmented electrode MHD
accelerator appears to be the arcing between the adjacent same-wall electrodes due to
axial component of the electric field.
5. The measured pseudo-conductivity is lower than the theoretical core-flow value at the
low voltage (due to the voltage drop in the sheath) but exceeds the theoretical
equilibrium limit (most likely due to the hot sidewall boundary layer currents after the
steady-state temperature distribution is reached).
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4.1.5 Effects of Seeding on Combustion
Evaluation of MI-ID accelerator capabilities for producing high Mach number, hypervelocity
propulsion test conditions in ground test facilities is a primary objective of the MARIAH Project.
For this application, it is critical the facility provides an adequate simulation of the in-flight
operating environment, including flow chemistry. Since the flow chemistry is changed by the
addition of an alkali metal to enhance ionization in the MH accelerator, the effect of this
contaminant on the propulsion-testing environment must be considered. The primary issues that
arise with the addition of this seed material include the effect on the propulsion performance in
the testing environment and the effect of molten alkali metal on seals and propulsion nozzle
recombination catalysts. Specifically, the effect of adding an alkali metal seed on the ignition
delay time in H2-O2 combustion is examined. A summary of this work is presented in this
section and a detailed report on the topic is provided in Appendix Section C.3.
4.1.5.1 Overview
Efficient and effective operation of an IVIHD accelerator requires a high value of electrical
conductivity, which can only be achieved in a plasma with significant ionization of the working
fluid. A small amount of an alkali metal seed material is typically added to the working fluid in
MIID accelerators to enhance the level of ionization and achieve a sufficient electrical
conductivity. In equilibrium air accelerators, the alkali metal seed allows the desired ionization
to be achieved at a temperature much lower than would be required in the air alone. However,
for some applications, such as propulsion wind tunnels, the alkali metal can be an undesirable
contaminate that may adversely affect the results of experiments. Thus, the use of a seed
material must be carefully considered to ensure the accuracy of results.
It is critical the test facility does not introduce differences between the ground test simulation
and the in-flight operation that are not well understood. High supersonic to hypersonic velocities
in the combustor section of scramjets, coupled with engine size and weight limitations for flight
vehicles, results in short residence time in these engines. Thus, the performance of scramjets
will likely be limited by either the time required for mixing of the fuel with the incoming air at
hypervelocity or by the reaction rates and ignition rates of the fuel and air mixture at lower
hypersonic speeds. For this reason, it is crucial such tests closely reproduce the chemistry and
fluid dynamics of the environment a full-scale engine would see in flight.
Three important questions arise in this connection: a) do small amounts of an alkali metal seed
change the ignition delay times in a scramjet combustor by changing either the reaction rates or
the set of important reactions? b) if addition of the seed does appear to increase the ignition
delay times, will the delay times approach or exceed the turbulent mixing times? and c) does the
presence of a small amount of seed affect the mixing rate in the turbulent, supersonic airflow?
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A study conducted to address the first issue is reported in Appendix Section C.3 and summarized
in this section. Presently, combustion in full-scale, operational scramjets is thought to be mixing
limited. 5 Thus, small changes to the reaction kinetics would not affect performance, but large
changes could cause the combustion to be limited by the chemical kinetics. Although this study
does not address the second and third issues, some preliminary conclusions about the
significance of this work in the context of supersonic combustion are presented in Section 4.1.5.3
below.
To simplify the problem, an assumption was made that the presence of seed in small amounts has
no affect on the mixing times. Further simplification was achieved by assuming the primary
variable of interest is the change in the ignition delay time as a function of the alkali metal mole
fraction in the flow. A general set of reactions and reaction rates that adequately describe
combustion in the presence (or absence) of an alkali metal seed material was determined based
on research reported in the literature, and computations were done for a series of seed mole
fractions ranging from 0 to 5 mole percent. Further details of the kinetic model are presented in
Appendix Section C.3, while a summary of this work is given in this section. The effect of
varying amounts of atomic oxygen and NO on ignition time was also evaluated.
4.1.5.2 Analysis
Results of ignition delay time calculations in a stoichiometric mixture of H2 and air (or 02) with
admixtures of other species such as O, NO, K, and Na are summarized in this section. All
calculations are for an adiabatic combustion process at a constant pressure of 1 atm. Ignition
times are determined as the time required for the temperature to increase to 100 K above the
initial value.
The kinetic mechanism of H2 ignition in 02 or in air (without the admixtures specified above) is
well known (Refs. 85, 86). This kinetic model includes 19 species and approximately 80
chemical reactions (see Appendix Section C.3 for details). It is based upon the well-known
Warnatz mechanism of H2 - 02 combustion combined with the well-known Zel'dovich
mechanism of N2 oxidation and reactions of HxNyOz species (Ref. 87). Only a few of the large
number of reactions considered are critical for H2 combustion. For example, in an H2-O2
mixture with no radicals present (such as O, H, and OH), the most important initiation reaction
is:
H2 + 02 # HO2 + H (8)
This reaction has quite large activation energy, which explains why H2-O2 mixtures do not ignite
spontaneously at low temperatures. It produces the H2 atoms that initiate the chain reaction
mechanism:
5Personal communication, Mr. Gordon Nelson, MSE with Dr. Phil Drummond, NASA LaRC, April 1996.
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O2+H _ OH+O (9)
H2 + 0 _- OH + H (10)
A small amount of hydrogen or oxygen atoms present in the gas mixture starts the self-
accelerating chain reaction (Reactions 9, 10), while the initial reaction (Reaction 8) is a
bottleneck for the entire chain process. Finally, water is produced in Reactions 11 and 12.
H2+OH _ H20+H (11)
02 + H + M _ H20 + M (12)
The last reaction releases a large amount of energy, thereby heating the mixture and accelerating
the combustion process. This is a classical, well-established mechanism.
Addition of N_ to the mixture does not qualitatively change this scenario in spite of the addition
of many chemical reactions. In this case, however, the ignition time is always greater than for
the H2 - O2 mixture (see Fig. 4- 33).
Quite obviously, the ignition time steeply decreases with temperature in the temperature range
1,000 - 2,000 K but increases again above 2,000 K (see Fig. 4- 33). This happens because of the
reverse radical reactions that become important at the high temperatures and decrease the overall
water production and energy release rates.
This analysis also shows that the presence of NO in the mixture, even in considerable
concentrations (a few percent), does not substantially affect the O, H, and OH radical
concentrations in the mixture. Therefore, it does not appreciably change the ignition delay time
at any temperature within the range considered (see Fig. 4- 33).
Atomic oxygen, however, results in a well-pronounced effect. In the presence of oxygen atoms,
the initial reaction (Reaction 8) is no longer a bottleneck, and the chain mechanism (Reactions 9,
10) starts instantaneously. This is especially important at temperatures less than 2,500 K when
there are no other fast processes of oxygen atom formation. Therefore, in this temperature range,
the ignition time is reduced by about an order of magnitude if the atomic oxygen concentration is
0.1-1.0% (see Fig. 4- 34).
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Of course, these are unrealistically high concentrations for airflow expanding from a high
temperature plenum, unless nonequilibrium ionization is sustained in the supersonic section of
the nozzle Coy an e-beam or by seeding the gas). Then, related chemical processes can increase
the amount of oxygen atoms up to a few percent (Ref. 17). Therefore, the presence of atomic
oxygen can substantially accelerate the ignition in energy addition flows at temperatures less
than 2,500 K. In other words, an air mixture contaminated with oxygen atoms would have a
shorter ignition delay in a wind tunnel experiment than would occur in a real flight where there
are almost no oxygen atoms present in the flow. The catalytic effect of oxygen atoms becomes
much weaker, however, at temperatures greater than 2,500 K (see Fig. 4- 34).
Alkali atom effects on H2 ignition appear to be quite straightforward. The global kinetic
mechanism for K and Na reactions in H2-O2 flames by Jensen (Refs. 88, 89) (Reactions 13a and
14a for K, 13b and 14b for Na) is sustained by the later studies of Na and K kinetics in flames
(Refs. 90, 91), although with some corrections.
Slack et al. (Ref. 91) refines this two-reaction mechanism by replacing it by a five-reaction
scheme that produces quite similar results (see Appendix Section C.3). In these calculations, the
global Jensen mechanism for both K and Na is assumed.
K + OH + M ,_ KOH + M (13a)
Na + OH + M _ NaOH + M (13b)
KOH + H _ K + H20 (14a)
NaOH + H _ Na + H20 (14b)
At temperatures less than 1,500 K, the rates of the shuffle reactions (Reactions 9, 10) are not
very fast, and the radical concentrations increase quite slowly. Then, Reactions 13 and 14 result
in removal of radicals (H and OH) from the mixture, which tends to terminate the chain process
(Reaction 9, 10) and delay the ignition (see Fig. 4- 35). Reactions 13 and 14 are exothermic;
however, the energy release is very slow at these temperatures. Alkali atoms act as inhibitors in
this temperature regime.
At the high temperatures, the radical production rate by the chain mechanism (Reactions 9, 10)
becomes much faster, and Reactions 13 and 14 can no longer keep up. These reactions now act as
an additional exothermic channel of water production, and both K and Na act as catalysts. The
presence of K or Na at a 1% level for temperatures greater than 2,000 K can then be seen to reduce
the ignition delay time by about a factor of 2 (see Fig. 4- 35). If Slack's recommendations are
followed, the effect of either metal on the ignition time is almost identical.
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4.1.5.3 Analysis Limitations
Since the kinetic model used here for the ignition delay time calculations it is not coupled with
the flow, it is not applicable to modeling the entire supersonic flow combustion process. First,
the assumption of adiabaticity is justified only at the initial stage of combustion (i.e., ignition),
when the energy released into the flow is small, but, is not valid when the combustion process is
well under way. Secondly, the model does not take into account the turbulent mixing of the
species that, in fact, may control the chemical reaction rates.
For these reasons, the calculated ignition delay time for a particular gas mixture (scaled as I/P, if
necessary) should be compared with the turbulent mixing time, experimentally measured for a
particular combustor as a function of temperature, pressure, and Mach number (e.g., see Ref. 92).
This would answer the question as to whether the chemical kinetic processes or turbulent mixing
controls the combustion rate for a particular flow. Obviously, reaction kinetics, including the
effect of alkali seeds is only relevant in the former case. Effects of pressure were not considered
in this study, and all calculations were performed at a constant pressure of 1 atm. However,
ignition delay time scales with pressure as approximately 1/P (see Table 4- 5). A slight deviation
from the 1/P law results from the three-body reactions involved.
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Table 4- 5. Ignition delay time in ZI2 :02 = 2:1 mixture as a function of pressure.
P (atm) T(K) Ignition Delay time, _s
0.01 2,000 187.0
0.03 2,000 60.9
0.1 2,000 ! 7.6
0.3 2,000 5.64
1 2,000 1.6
3 2,000 0.50
4.1.5.4 Effects of Seeding on Combustion Conclusion
Conclusions from Figures 4- 33 through 4- 35:
1. NO has very little effect on H2 ignition throughout the entire temperature range
considered;
2. Atomic oxygen strongly decreases ignition time at low temperatures by removing a
radical production bottleneck (Reaction 8); and
3. K and Na both decrease the ignition time at high temperatures due to the catalytic
effects in Reactions 13 and 14.
No attempt was made in this study to model the turbulent mixing of the fuel and air. For
scramjet flow regimes that are mixing limited, the effect on scramjet performance of small
additions of K seed may not be significant. However, if the flow is limited by the chemical
kinetic rates rather than by mixing, the decrease of the ignition delay time due to the presence of
an alkali metal seed would most likely affect the scramjet performance in the ground test
simulation.
4.1.6 Reproducing Flight Conditions in Hypersonic Wind Tunnels
4.1.6.1 Overview
This section is a summary of research performed under subcontract to the ENGO organization
during the fall of 1995 and extending into the spring of 1996. ENGO is a private Russian
consortium headquartered in Moscow comprised of researchers from a number of Russian
scientific, academic, and technical agencies. The Principal Investigator (PI) for this subcontract
was Dr. Vadim Alfyorov, a noted MHD researcher at TsAGI. In the 1960s, Dr. Alfyorov and his
colleagues developed an MHD accelerator facility that included a small aerodynamic test
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section.Thefacility is theonly hypersonic,MHD-drivenaerodynamictestfacility in existence.
Thefull report,asreceivedfromENGO,maybefoundin AppendixSectionE.3. TheENGO
subcontracthadtheprimaryobjectiveof evaluatingthepotentialfor advancedarc-heated,seeded
MHD acceleratorsystemsto serveasdriversfor groundtestfacilitiescapableof testing
advancedair-breathingengines.Theterm"advancedMHD acceleratorsystems"wassomewhat
arbitrarilydefinedasonethatreliedona 12-Tmagnetandwasdrivenby anarcheateroperating
ata200-armstillingchamberpressure.Both of thesecomponentsaresomewhatbeyondstate-
of-the-arttechnology.
TheENGOreportdoesnot specificallyaddresstheTsAGIMHD facility, norwasit intendedto
developrecommendationsfor anupgradedRussianMHD testfacility. Theresearchis of amore
generalnatureandaddressesthequestionof whatperformancegainsmightberealizedfrom a
hypothetical,high-performanceMHD facility drivenby advancedarcheaterandmagnet
systems.
4.1.6.2 Problem Definition and Scope of the ENGO Study
The ENGO report characterizes the basic limitations of existing ground test facilities with
respect to their capability for supporting testing of air-breathing engines. Performance data on
several gas piston-driven facilities, such as the Stalker tube at the AEDC and the high-pressure
Russian facility at the TSNIIMASH research center, is cited. Although these facilities have
somewhat higher performance envelopes compared to arc-heated facilities, they suffer from very
short run times. This renders gas-piston facilities unsuitable for advanced engine testing, leaving
only arc-heated facilities as candidates. The term "arc-heated facility" is used here to include
MHD accelerator facilities driven by arc heaters.
As noted in Section 3 of this report, a major technical issue for arc-heated facilities is the
problem of adding sufficient enthalpy to the flow while maintaining the entropy within the
bounds of the targeted flight envelope. Additionally, materials problems become an issue for
MI-ID accelerators. Since accelerators such as the one at TsAGI operate close to LTE, they must
rely on thermal ionization of an alkali metal seed to achieve the requisite electrical
conductivities. This generally implies that the accelerator must operate at temperatures above
2,700 K with substantially higher temperatures in the plenum.
A major shortcoming of the present TsAGI MHD facility (and similar facilities) is the arc heater
operates at a maximum stilling chamber pressure of 20 atm and a temperature of about 3,800 K.
Figure 4- 59 shows the approximate region of operation that can be achieved in the present
facility. This region represents the total enthalpy-entropy conditions achievable in the test
section. Note that it lies well to the right of the target 2,000 lbf/ft 2 post-bowshock flight
envelope, implying there is a pressure and Mach number mismatch between the test section
conditions and the in-flight, post-bowshock conditions. In this respect the TsAGI facility is
typical of all arc-heated facilities whether or not they employ MHD acceleration downstream.
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Sinceentropy scales inversely with the logarithm of pressure, the most straightforward way to
improve this situation is to increase the operating pressure of the arc heater (maintaining a fixed
temperature), thus reducing the starting entropy. This will result in a corresponding reduction in
the final entropy for a fixed amount of heat addition. Alternatively, one can operate the
accelerator with an increased magnetic field. This will have the effect of increasing the slope of
the H-S curves describing the flow through the accelerator system. Both of these strategies were
considered in the work described in Appendix Section E.3.2, which is the translated ENGO
report.
Testing requirements axe also addressed. The ENGO study makes the assumption that so-called
"combustor inlet" conditions must be reproduced in the test section to obtain an adequate engine
testing environment. These conditions are tabulated as a function of free-stream Math number
in Table 4- 6.
Table 4- 6. Flight Mach numbers vs. scramjet combustor inlet conditions for
an assumed dynamic pressure ofl,500 lbf/f_. The table has been reproduced
from the ENGO report in Appendix Section E.3.2.
Min f 5 8 10 12 15 20
Ms 1.75 3 3.75 4.4 5.2 6.1
Ps 2.5 1.8 1.5 1.15 0.8 0.5
Ts 800 1,100 1,400 1,500 2,000 2,250
us 978 1,900 2,720 3,270 4,480 5,500
P0s 14 80 100 700 1,500 3,000
T0s 1,200 2,000 3,500 5,000 7,200 9,000
According to the authors of Reference 93, it must be noted that achieving combustor inlet
conditions in the test section will not provide an adequate testing scenario for conducting an
engine development program. It is worth quoting the major conclusions of Reference 93 with
respect to testing requirements:
"In either case, ground testing of such engines presents unique facility requirements that are
daunting compared to simulation requirements for hypersonic aerodynamics. These include the
need to do the following:
°
.
Duplicate the internal flow path, stream velocity, pressure, temperature, chemical
composition, and turbulence in order to replicate the fluid physics and chemistry of the
eombustor.
Duplicate the inlet shock wave system swallowed by the engine since it will interact
directly with the fuel injection and combustion mechanisms in the diffusive-burning
engine, or it will become the combustion mechanism itself in the detonation wave engine,
and the resulting internal shock system will emerge from the combustor and affect the
nozzle performance.
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. Duplicate the heat load imposed on the engine internal structures by the captured
airstream, which exceeds that imposed by the fuel combustion per se, as well as the
associated aerodynamic and aeroelastic loads.
4. Provide sufficient test time to evaluate material thermal soaks, unstart, and controls.
The above discussion is the basis for the requirement stated in Section 3, namely that the facility
must be capable of simulating post-bowshock conditions. This requirement is much more severe
than the combustor inlet conditions assumed in the ENGO study.
As implied in the report, there were three basic questions that defined the scope of the study:
.
.
.
What are the performance limits of arc-heated, seeded MHD accelerator systems
assuming modest extrapolations in arc heater and magnet technology from state of the
art?
What are the primary air chemistry effects in the test section? These effects are induced
both by the introduction of seed and by the nonequilibrium chemistry created by the
presence of strong electric fields in the MH]) accelerator and the arc heater. Both of
these processes create a chemically confounded airstream different from what an actual
vehicle or engine inlet would see in flight.
What are the effects ofa nonequilibrium flow stream contaminated by alkali metal seed
and alien species, such as nitrogen oxide, on the combustion processes in a scramjet
engine?
4.1.6.3 Working Assumptions and Method
A 1-D simulation code was used to model the MHD problem, including the gas dynamics, the
MHD interaction, and the chemical kinetics. The chemistry model included five equations for
the 02- N2 reactions, as well as rate equations for ionization, reattachment, and dissociation
processes. Vibrational excitation and relaxation was simulated only for the lower vibrational
states. The computer code was run for a range of stagnation temperatures, seed fractions, and
magnetic fields. It was assumed the seed material was K in all cases. The assumed range of
parameters of the study is shown below.
Plenum Conditions: P0 = 200 atm, To = 4,700 K (held fixed)
Magnetic field: B = 12 T (fixed).
Seed fractions: 0.25 - 2.0% (mole % K)
Current densities: 20 - 200 A/cm 2
Channel Lengths: 1.0 - 1.7 meter
Secondary Expansion Duct Length: 0.6 meter
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A total of 16 cases were run, representing parameter sweeps in the above variables. The gas
dynamics code was capable of prexticting the molar concentrations ofmonatomic oxygen and
nitrogen oxide at the exit of the MHD channel.
This phase of the analysis provided provisional answers to questions 1) and 2) above. The third
question, relating to the effects of alien chemical species on combustion, was answered by use of
a chemical kinetics code that modeled the combustion process using a reaction set of 43
reactions. A shortcoming of the model is that the reaction set did not include any ionic species
or free electrons.
4.1.6.4 Study Results
Table 4- 7, taken from the ENGO report, summarizes the results of the parametric MHD study.
I Table 4- 7. Summary of results of the MHDparametric analysis.
Pl A1 CK L PL TL UL P2 T2 U2 Co CNO F2
At % M KPa K m/s KPa K m/s % % cm 2
20 0.66 1.0 1.1 356 3,150 4,241 83.1 2,265 4,502 2.23 5.35 380
20 0.66 1.0 1.5 246 3,306 5,224 52.3 2,312 5,460 3.43 5.70 509
20 0.66 1.0 1.7 1.0 3,400 5,784 51.0 2,448 5,990 4.28 5.94 510
20 0.15 0.5 1.1 345 3,058 4,235 82.9 2,208 4,483 1.68 5.25 370
20 0.15 0.5 1.5 238 3,211 5,211 53.0 2,262 5,434 2.43 5.48 491
20 0.15 0.5 1.7 203 3,309 5,768 50.1 2,380 5,965 2.99 5.69 506
16 0.15 0.5 1.0 306 3,064 4,314 82,1 2,267 4,542 1.70 5.15 321
16 0.15 0.5 1.35 214 3,213 5,265 53.0 2,317 5,473 2.35 5.41 426
16 0.15 0.5 1.55 181 3,320 5,880 51.4 2,468 6,060 2.91 5.63 420
16 0.66 1.0 0.95 330 3,150 4,200 81.2 2,290 4,455 2.24 5.36 340
16 0.66 1.0 1.35 224 3,322 5,276 53.1 2,383 5,496 3.44 5.72 436
16 0.66 1.0 1.55 187 3,415 5,890 51.2 2,523 6,080 4.36 5.97 433
The subscript "1" in the first row indicates conditions at the inlet of the MHD channel, subscript
"L" indicates the MHD channel exit, and subscript "2" indicates conditions at the exit of the
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secondaryexpansionduct (i.e.,thetestsectioninletplane). Thesymbol"C" standsfor molar
concentration.Thus "CNo" indicates the molar concentration of nitrogen oxide at the exit of the
secondary expansion duct. The parameter al is a dimensionless parameter characterizing
electrode geometry. F2 is the cross-sectional area at the exit plane of the expansion nozzle.
The table shows some clear trends. As might be expected, longer channels provide greater gas
acceleration but at the cost of increased 02 dissociation. There is also a trend of increasing NO
production with respect to channel length, but the effect is small. Detailed plots (not shown
here) indicate the flow is essentially frozen chemically at the exit of the expansion nozzle but is
vibrationally close to equilibrium.
As noted above, question 3 was analyzed using a chemical kinetics code. Two cases were
considered:
1. The gas composition entering the combustion chamber was assumed to be stoichiometric
air.
, The incoming airstream contained monatomic oxygen at a 1.7% molar concentration and
nitrogen oxide at 5.15%. This condition corresponds to the first row in the Pt = 16 atm
series in Table 4- 7.
One parameter of interest was the induction length. This was defined as the distance along the
combustion chamber at which the concentration of monatomic hydrogen reached a local
maximum. The computations were run for a chamber pressure of 82 kPa, temperature of 2,267
K, and flow velocity of 4,542 m/s. These initial computations were run without a seed species.
The results of the computations are presented as plots of monatomic hydrogen concentration vs.
distance (not shown here). The most significant conclusion is that there is essentially no
difference in induction lengths between the two different gas compositions 1) and 2).
A second set of calculations was nan to investigate the effects of seed on combustion. The seed
species was assumed to be Na. Since the original reaction equation set contained no alkali metal
species, it was augmented by a set of six additional reactions involving Na, water, 02, neutral
OH, and unspecified heavy particles. Sodium was selected over other alkali metals because of
the better rate data available and because the reaction chemistry is somewhat better understood.
The lack of any ionization reactions or rate data in the model in the analysis is again noted.
The single plot that is presented in the report again indicates no difference in induction length
between cases 1) and 2). In fact, all three of the plots shown in the report show the induction
length to be essentially invariant at a value of 1.0 cm.
4.1.6.5 ENGO Study Conclusions
With respect to the gas kinetic combustion study, the conclusions were quite similar to those of
the OSU study (Appendix Section C.4). The presence of small amounts of alkali metal in the
flow stream of a supersonic combustion system does not significantly alter the chemical kinetics
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or the ignitiondelaytimes. However, itshouldbe noted thatboth ofthesestudiesmade the
assumption of apremixcd flow stream.Although itseems probable themixing processwould be
essentiallyunaffectedby the presenceof smallamounts ofseed material,thisquestionwas not
investigatedintheMARIAH Project.Itshouldalsobe mentioned thatthroughmost of the
combustion regimes of interest,themixing processisthe factorthatlimitsignition(seefootnote
4).
Other conclusions reached by the authors of the ENGO report are paraphrased below.
.
.
.
Presently, there are no hypersonic facilities that offer the capability of reproducing
flight conditions in the Mach 12 to 20 flight regime. MHD offers some promise for
doing so.
The MHD parametric study conducted by ENGO shows that an advanced arc-heated
MHD system operating with a 12-T magnet and at reservoir conditions of 4,700 K
and 200 atm could provide test section conditions corresponding to combustor inlet
conditions (direct connect mode).
The presence of alkali metal atoms in the MHD flow has no significant effect on
either the induction time or the gas dynamic parameters in the combustion chamber.
4.1.7 Evaluation of Electron Attachment
When free electrons in an ionized gas attach to neutral atoms and molecules in the gas, negative
ions are formed that reduce the overall mobility of the charge carriers and the electrical
conductivity. Singly charged ions having the same magnitude of charge as an electron will
experience the same force as an electron in an electric field; however, its acceleration will be far
less due to its larger mass as compared to the electron mass. Furthermore, their random thermal
velocity will be far less than that of the electrons at the same temperature. Thus, ions are much
less mobile and far less effective at the transport of electrical energy than the light mass
electrons; the electrical conductivity contribution of ions will be nearly insignificant compared to
an equal concentration of free electrons in a gas. The major effect of electron attachment is
through the reduction of the electrical conductivity of the plasma. High values of electrical
conductivity are essential to achieving good performance from an MHD accelerator, and electron
attachment can substantially reduce the electrical conductivity.
Macheret, Miles, and Nelson (Ref. 23; see also Appendix E of this report) defined an MHD
conversion efficiency, rl, as
< jyuBz >
1"I _
< JyEy + JxE:,>
(4- 10)
where the brackets < > denote an average across the duct. For a l-D, uniform flow
approximation, the brackets can be removed and can then be rewritten for a Faraday accelerator
as:
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jy U Bz
(4- 11)
From this, the importance of the push-work term is evident:
c; JyUB z
•2 + CjyuB zJy
uBg
jy + a u B z (4- 12)
For large values of o, the term resulting from the push-work (ouB) will dominate, and the
conversion efficiency can approach unity. For low values of o, the current density (resulting
from the Joule-heating term) will dominate, and the conversion efficiency will be low. Thus,
large values of electrical conductivity are clearly desirable since these will allow better MHD
performance while low values will constrain the device to perform little better than conventional
arc heaters.
Rosa (Re£ 94) presents an elementary derivation of electrical conductivity in an ionized gas for
electrical conduction by electrons and shows this to be proportional to the number density of
electrons in the gas:
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Electron attachment to atomic and molecular species in the flow reduces the number of free
electrons and increases the number of ions. Thus, electrical conductivity could be reduced
significantly by electron attachment in a plasma, and it is this mechanism by which the MHD
performance would be reduced.
Electron attachment is insignificant in the 1% seeded, 1-atm air plasma. However,
concentrations of Cs decrease and those of the negative ions increase with increasing pressure.
This can more readily be seen in Figure 4- 36, showing the electron-to-Cs ion ratio (e/Cs +) for
the 1% Cs-seeded air. This is the fraction of available electrons still free in the 1-atm plasma.
The ratio of these concentrations can be seen to approach a value of 1 at temperatures above
2,000 K, indicating that most of the electrons are free or not attached to other air species. At
3,000 K (see the inset in Fig. 4- 36), approximately 97% of the available electrons are seen to be
free in a 1-arm plasma while this drops to 85% at 10 atm and 42% at 100 atms. Thus, the
percentages of electrons attached in negative ions are 3%, 15%, and 58% for these three
pressures. Since electrical conductivity is proportional to the number of free electrons, the 1-atm
plasma would be expected to have a reasonably high conductivity with an ionization fraction
approaching 10% and very few electrons lost to negative ion formation. However, at a 100-atm
pressure, the ionization fraction is only 1%, and 58% of the electrons are lost to attachment;
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therefore,theconductivitywould be expected to be low. The 1-atm plasma has an electrical
conductivity of approximately 165 mho/m, and the 100-atm plasma conductivity is only 17 at
3,000 K.
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Figure 4- 36. Electron-to-Cs ion fraction for Cs-seeded air.
The electron attachment trends are very similar at a seed fraction of 0.01% to those discussed
above for the 1% seed fraction, except the mole fractions for the electrons and all ions are
considerably lower due to the smaller amount of seed available. When Figure 4- 36 was created,
showing the electron-to-Cs ion ratio (e/Cs*), data for both 1% and 0.01% seed were plotted;
however, the lines for the two cases could not be distinguished at this scale. Therefore, the seed
fraction, at least in the range of 0.01-1.0%, has no significant effect on the electron-ion ratio,
which is equivalent to saying that the seed fraction has no significant effect on electron
attachment. Electrical conductivity for the 0.01% seed fraction is compared to the 1% seed
fraction in Figure 4- 37. As would be expected, the electrical conductivity values are lower for
the lower seed fraction at 3,000 K and 1 atm. The 0.01% seeded plasma has an electrical
conductivity of approximately 28 compared to 165 mho/m noted earlier for the 1.0% seed case.
The effect of electron attachment on electrical conductivity can be estimated by comparing the
Cs-seeded air conductivity with values for Cs-seeded N2 since significant negative ion formation
does not occur in the N2. Electrical conductivity for seeded N2 and air plasmas is compared for
two pressures and two seed fractions in Figure 4- 38. As expected, electrical conductivity values
for seeded N2 are higher than those for air, especially at high pressure and low temperature
where electron attachment was shown to be most dominant in the above discussions. At low
pressure, the electrical conductivity values in N2 and air are almost identical. However, at high
pressure, the electrical conductivity of the seeded N2 is significantly higher than that of the
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seededair. Electricalconductivityvaluesat low,moderate,andhigh temperatures are presented
in Table 4- 8 for comparison.
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Figure 4- 3 7. Electrical conductivity for Cs-seeded air.
Figure 4- 38.
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Table 4- 8. Comparison of seeded air and N2 electrical conductivity for l O0oatm
pressure.
10% Cs 0.01% Cs
Temperature Electrical Conductivity
(mho/m)
%
Decrease
InAir
Air N2
225.1 318.5
56.9 88.0
2.1 5.8
4,500 29%
3,500 35%
2,500 63%
Electrical Conductivity
(mho/m)
Air N2
23.2 35.7
7.7 12.8
0.3 0.9
%
Decrease
in Air
35%
39%
68%
As seen in Table 4- 8 and Figure 4- 38, the electrical conductivity of seeded air can be depressed
significantly by electron attachment in some temperature and pressure regimes. The large
depression of the conductivity at the lowest temperature is inconsequential since the magnitude
of the electrical conductivity at this high-pressure, low temperature condition is so low that
MIffD, using equilibrium ionization, would not be considered for this regime. At the highest
temperature and with 1% Cs seeding, the conductivity is depressed less than 30%.
4.1.1.7.1 Electron Attachment Conclusions
Electron attachment is insignificant in low-pressure air but can be quite important in high-
pressure air for some temperature regimes. Depression of electrical conductivity is most
important in the moderate temperature ranges where the electrical conductivity value is large
enough to be significant and the electron-to-ion ratio is significantly less than 1. At high
temperature, the electron-to-ion ratio approaches unity, and electron attachment becomes much
less important.
In the temperature range of 2,500 - 3,500 K (typical of MI-ID accelerator operation), comparison
of seeded air and N2 electrical conductivity values indicates that depression of the electrical
conductivity is strongly pressure dependent. Differences between 1% Cs-seeded N2 and air are
negligible for a pressure of 1 atm; however, for a pressure of 100 arm, air electrical conductivity
is 35% lower than N2 at 3,500 K and 63% below N2 at 2,500 K. This electrical conductivity
reduction is predominantly due to electron attachment by monatomic and diatomic oxygen.
4.2 EXPERIMENTAL STUDIES
Two experimental studies were performed for the MARIAH Project. UTA performed
experiments with a detonation-driven shock tube to investigate the electrical conductivity of
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seededair andN2at high pressure. NASA Ames performed experiments to investigate the
physics of electrical conduction and breakdown in high-pressure, high temperature air plasma.
The following sections describe the test configurations, test operations, and obtained results.
4.2.1 NASA Ames Research Center Test Program
4.2.1.1 Overview
A test program was initiated at the NASA Ames Electric Arc Shock Tube (NASA Ames EAST)
facility to determine the effects of gas pressure, ionization fraction, and electric field strength on
current discharges in shock-heated, high-pressure air. These tests were designed to provide
useful information on air conductivity and electron dynamics. Data from the experiments will
aid in the development of computational plasma/fluid dynamic models of MHD accelerators for
airflow applications.
Experimental investigations in the EAST Facility included: a) measurement of current and
voltage across a pair of electrodes in a square channel to determine the gas conductivity; b) study
of the diffuse discharge/arc transition at these conditions; and c) spectroscopic investigations to
attempt measurement of electron density and temperature. Test section static pressure for these
experiments ranged from 2 to 13 atm, and static temperatures of 5,500 - 6,000 K produced
-4
ionization fractions of about 10 , typical of seeded MHD accelerators. Some testing was
accomplished at a lower shock-induced ionization fraction on the order of 10 "5to focus on
nonequilibrium effects. Applied electrode voltage was varied over a range of 5 to 1 or more for
each condition tested. The test section was designed to vary boundary layer thickness by varying
the length of the skimmer section upstream of the electrodes; however, this was not used during
the course of this study.
4.2.1.2 Test Hardware Description
A diagram of the MARIAtt Project test section installed in the EAST Facility is shown in Figure
4- 39. This facility is a 10.16-cm internal diameter, electric arc-driven shock tube. For these
experiments, He was heated in the 76-cm-long driver section with an electric discharge from a
capacitor bank rated for a maximum energy of 1.24 MJ. The 550-cm driven tube was separated
from the driver with a double diaphragm Ar buffer section. A 3.5-cm inside diameter skimmer
tube, projecting 23 cm into the driven tube, was used to remove the boundary layer and direct the
core flow into the electrical conductivity test section. A Delrin TM plastic-lined conductivity
channel had a 3.1-cm-square cross-section and was connected to the skimmer through a round
entrance-to-square exit transition section. A pair of 3.1-cm-square brass electrodes were located
flush with the internal walls of the channel approximately 40 cm downstream of the skimmer
tube inlet. The Delrin liner, which extended 9 cm upstream and 40 cm downstream of the
electrodes, provided electrical insulation between the high temperature, electrically conducting
gas and the steel walls of the test section.
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Figure 4- 39. NASA Ames EAST shock tube facility (not to scale).
Figure 4- 40 shows a cross-section of the 62-cm-long test section parallel to the axis and the
diagnostic ports. Three interchangable skimmer tubes were designed and fabricated having
different lengths (13, 23, and 33 era) to allow the entry length to be changed and provide
different boundary layer thicknesses at the electrode position in the test section. However, only
the mid-length skimmer was used during the MARIAH Project testing.
A mixture of nitrous oxide and nitrogen (2N20 + 1.76N2) was used in the driven tube to simulate
air. This mixture was chosen to provide the same N/O atom ratio as air after shock heating and
to increase test time. A nominal shock velocity of 4.65 km/s was chosen to produce an
ionization fraction of approximately 10 "4. Unfortunately, the shock velocity was found to vary as
much as +6% between successive, nominally identical tests. The driven tube fill pressures were
chosen to provide nominal aftershock pressures of 2, 5, and 13 arm, thus providing three basic
test conditions. A total of 51 test runs were made, including 36 satisfactory runs with current
between the electrode pair.
Current to the electrodes was provided by a 720-1_fd capacitive power supply that could be
charged up to 4,500 V. The capacitor bank was connected to the electrodes through a salt-water
ballast resistor. Another salt-water resistor was placed in parallel with the electrode gap. An
ignitron tube was used as the switch to apply power from the charged capacitor bank to the
electrode circuit. Initial voltages across the electrode pair at the instant power was applied
ranged from 45 to 1,060 V, and the maximum electrode currents ranged fi:om approximately 5 to
3,000 A, depending upon the applied voltage, driven tube pressure, and shock velocity.
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4.2.1.3 Measurements and Diagnostics
The main diagnostic station, with four 2-inch nominal diagnostic ports, is located 10 cm
downstream from the end of the transition section. Electrodes were located in two of these ports,
and the remaining two ports were used to provide optical access to the plasma discharge. A pair
of 1-inch nominal diagnostic ports were located 23 cm downstream of the electrodes to provide
access for a pressure transducer and a photomultiplier tube, allowing measurement of the shock
velocity and the test time duration in the square channel. This gave a measurement of the change
in shock velocity that took place as the shock moved from the 10.16-cm-diameter driven tube to
the 3.1-cm-square channel.
Routine shock tube diagnostics included ionization gauge shock detectors; quartz crystal,
piezoelectric pressure gauges; and photomultiplier tubes (used to measure the total light
emission). These diagnostics provided a measurement of the shock velocities and pressures and
provided an indication of the arrival of additional shock waves, compression waves, rarefactions,
and driver gas contamination. Diagnostics at the electrode station included electrical current and
voltage measurements, nonspectroscopic optical measurements, high-speed video, and
spectroscopic measurements.
Voltage across the electrode pair was measured using a voltage divider and also by measuring
the current through a resistor connected in parallel to the electrodes. Electrical currents at both
the top and bottom electrodes were measured using current transformers. Two 5-cm-diameter
Plexiglas windows permitted the region between the electrodes to be viewed. Total light
emission from the electrode region was initially measured using a photomultiplier tube. Later,
this diagnostic was replaced by two monochromators tuned to look at a He line and 10
nanometers (nm) to one side of the He line to detect the arrival of the He driver gas
contamination. Images of the flow in the region between the electrodes were obtained using an
image converter camera (IMACON TM) to provide up to eight frames at 4%ts intervals.
Determination of the electron density from a measurement of the H-13 line width was attempted.
However, no reliable data was obtained due to the difficulty of making these measurements in
the high-test section pressure (13 atm) and to an overlapping iron (Fe) line resulting from flow
contamination from the tube walls or the diaphragm.
4.2.1.4 Test Results
Tests were conducted at a range of applied voltages for each pressure condition in order to
evaluate the effect of electric field on the electrical properties of the plasma. Current and voltage
histories were obtained from these rims and used to calculate an approximation to the plasma
electrical conductivity. This "pseudo-conductivity" is obviously not the true electrical
conductivity since it includes the voltage drops across the electrode fall regions. Figure 4- 41
shows some pseudo-conductivity histories for the 2-arm condition; these are typical of those at
other test conditions.
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Figure 4- 41. Pseudo-conductivity histories for 2-atm nominal test condition.
A fraction of the current from the upper electrode (at a potential above ground) was found to be
leaking to ground through the hot, electrically conductive plasma to the driven tube upstream of
the insulating Delrin liner. The fraction of the diverted current was typically about 10% for runs
with heavy currents but can be as much as 50 - 60% at the lowest currents, particularly towards
the beginning of the current flow. Since the current flowing directly across the test section
between the electrodes was of primary importance, almost all of the study results were based on
the current flowing to the lower electrode. "Pseudo-conductivity" values were calculated using
the measured voltage across the electrodes and the current to the lower electrode.
Most of the "pseudo-conductivity" histories show the following general features (see Fig. 4- 41).
Pseudo-conductivity rises very rapidly for the first 7 to 30 Its, and this rise is generally followed
by a region of high conductivity usually lasting about 20 to 50 Its. This high conductivity region
can be fairly flat but can also be sloped or show a hump or humps at the beginning and/or end of
the period. These various features in the high-conductivity region are thought to be due to
conductivity changes consequent to the arrival of additional compression or rarefaction waves
and the resulting temperature changes. The pseudo-conductivity starts to fall steeply 40 to 60 Its
after the start of current flow.
At a nominal shock velocity of 4.6 kin/s, the shock wave takes approximately 7 Its to cross the
electrode face. Thus, the first part of the initial steep rise in pseudo-conductivity is probably due
to the 7 Its required for the shock wave to completely fill the region between the electrodes with
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heated gas. However, the pseudo-conductivity continues to rise substantially between 7 and 15 -
30 Its after the start of current flow. Two possible explanations are offered: a) The electron
population may take this long after the shock wave passage to come up to a value that is in
equilibrium with the gas temperature at the prevailing electric field; and b) the current may be
flowing mainly in the boundary layers along the sidewalls extending between the electrodes.
These boundary layers will initially thicken very rapidly with passing time; however, later on,
they will tend to stabilize at a constant thickness. Finally, the rapid drop in pseudo-conductivity
is believed to be due to the arrival of the much cooler driver gas 40 to 60 ItS after the start of
current flow.
The test time available from the start of current flow until the arrival of driver gas contamination
was estimated from the time of the start of the final, rapid drop in pseudo-conductivity. This
data showed the test times dropping from 50 - 70 Its at shock velocities of 4.5 km/s to 40 - 50 Its
at 5.0 km/s and to approximately 30 Its at 6.3 km/s. Using the monochromators at the electrode
station that are tuned on and to one side of a He line, it appeared the He driver gas contamination
arrives roughly 10 _ts before the start of the final (steep) drop in pseudo-conductivity is observed.
At each of the three test conditions, current, voltage, and pseudo-conductivity data at 15 and
30 Its after start of current flow were used to evaluate the effect of the applied voltage and
current on the discharge characteristics. The voltages applied across the electrodes at the start of
current flow ranged from 45 to 1,060 V. However, the voltage data 15 and 30 _ts after the start
of current flow were lower (from 40 to 490 V), due to the inability of the power supply to
maintain the voltage during heavy current flow.
For each test condition, a theoretical equilibrium conductivity was calculated, and this was used
as a benchmark against which to compare the experimentally measured values. Generally, the
data from all three test conditions showed the following characteristics (see Fig. 4- 42). In the
current range from approximately 2 to 300 A, the measured pseudo-conductivities were below
the calculated equilibrium conductivity, being as much as 50 times less at currents of
approximately 2 A. This ratio dropped to approximately 15 at currents of about 10 A and
approximately 3 at currents of about 100 A. In these current ranges, it is believed that the bulk
gas has a conductivity close to the theoretical equilibrium value; however, the resistance values
of the electrode voltage drop regions increase very significantly at low current. In general, in the
current ranges of 300 - 700 A, the pseudo-conductivity was found to be relatively close to the
theoretical equilibrium conductivity.. In this current range, it is believed that the resistance of the
voltage drop regions at the electrodes is very much smaller due to the heavier current, and the
conductivity of the core flow gas predominates. Finally, in the current range of 700 - 3,000 A,
the pseudo-conductivity is 30 - 100% above the theoretical core flow gas equilibrium
conductivity. For the 2- and 5-atm test conditions, this increase can in part be explained by
ohmic heating of the core gas. This explanation will not suffice for the 13-atm test condition. It
is possible the high electric fields produce some nonequilibrium ionization under the high-
current conditions, and this may be responsible for some of the observed increase in the pseudo-
conductivity at the higher currents. This would seem less likely to be a possible explanation at
the 13-atm condition where it should be much more difficult to obtain nonequilibrium.
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Figure 4- 42. 2-atm test conditions, voltages across electrodes 30 Its after start of current flow
plotted vs. current to lower electrode 30 gs after the start of current ftow. Corrected for shock
velocity effect
At the 2-arm test condition, there is a region in the voltage-current characteristics of the electrode
gap where there is a large change in current (from approximately 100 A to 250 A) with almost no
voltage change at the time that the current was measured. (The voltage was essentially constant
at 140 V for this current range.) However, there was a voltage change at the beginning of the
current flow between the runs with approximately 100 A and the runs with approximately 250 A.
Hence, in these cases, 15 and 30 lxs after the start of current flow, the electrode gap is likely
responding to the voltages impressed on the gap at the start of current flow. (As mentioned
previously, there is a considerable difference between the voltages at the start of current flow and
the voltages 15 and 30 gs after the start of current flow because of the inability of the power
supply to maintain the voltage during heavy current flow.)
The voltage-current characteristics of the electrode gap 15 and 30 Its after the start of current
flow were generally fotmd to be fairly similar for the three pressure conditions; however, at the
lower voltages, considerably more current was drawn at the higher pressures. On comparing the
pseudo-conductivity histories for the three pressure conditions, it was found that the conductivity
values rose considerably more rapidly at the higher pressures. This is believed to be due to the
more rapid approach to the equilibrium electron densities at the higher pressures.
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A number of interesting features were observed in the IMACON photographs of the discharge
region. An example IMACON Polaroid photograph for Run 18 at the 2-arm test condition is
shown in Figure 4- 43. The run number, date, and test conditions are given at the top of the
figure. Flow is from left to right in this photo, and the frame sequence is identified below the
figure. Times given below the frames are measured from the start of current flow. A shock
wave image first appears in the first frame and a second image of the shock appears in the second
flame, allowing a detcnuination of the shock velocity to be 4.4 km/s _+0.30 for this run. The
oblique shock waves emanating from the leading edge of the electrodes are clearly visible in
frames 2 through 5. Flow Mach number, determined from the shock wave angles, ranged from
2.24 to 2.48 for this test. Glow from the flow region near the electrode surfaces begins to
overwhelm the rest of the field in the last three frames. The large dynamic range of the light
emission over this 28-_s period is evident from a comparison of the faintness of the first two
frame images with the near saturation in the last two. This aspect of the testing meant that a
complete flow visualization of the total test period was rarely achieved.
Oblique shock waves were seen to emanate from the leading edges of the electrodes. The Mach
numbers of the flow between the electrodes can be readily calculated from the angles of these
shock waves. The theoretical Mach numbers in equilibrium flow behind a shock wave at the
observed velocity in the electrode region were also calculated. In general, the experimentally
observed Mach numbers are 0.20 to 0.45 less than the theoretical values. There are several
possible explanations for this. Boundary layer growth, both natural growth without electrical
energy deposition and enhanced growth due to electrical energy deposition, may help to throttle
the flow somewhat and thus to reduce the Mach number. At higher currents, energy deposition
in the bulk gas may result in a Math number reduction. Further, the relatively low experimental
Mach numbers may be due, in part, to the fact that the gas may not reach equilibrium prior to the
photographs being taken and may not, therefore, have all of the degrees of freedom excited. This
would lead to a specific heat ratio larger than the equilibrium value and a Mach number smaller
than the equilibrium value.
Perhaps the most interesting feature observed in the IMACON photographs was the presence of
"hot spots" on the electrode surfaces. For some test conditions, discrete, bright light sources
could be seen on the electrodes. At the 2-atm test condition, fixed spots of bright light were
frequently visible at the edges of both electrodes where the radii of the electrodes will produce an
electric field increase. In addition, at the 2-atm test condition and the highest current levels,
moving spots of light were visible on the lower electrode (the cathode). These were not observed
at lower voltage and currents at the 2-arm test conditions and were not observed at all at the 5-
and 13-atrn test conditions. In general, a smooth glow was seen along the electrodes at the 5-arm
and 13-atm test conditions. It was noted that this glow became progressively more intense after
the shock wave passed in all three test conditions. However, the rate of increase of the electrode
glow became progressively more rapid as the pressure increased. This may be due to the faster
approach to equilibrium at higher pressures and densities and may well be closely connected
with the more rapid current and pseudo-conductivity rises seen at higher pressures.
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Run no: 18
Shock vei. At E: 4.72 km/s
Date: 5/8/97 Shock press. At D: 2.55 arm
Voltage at start of current flow: 277 V
Frame: 2 4 6 8
Time: 5.2 13.2 21.2 29.2
Mach no: 2.24 2.32
Frame: 1 3 5 7
Time: 1.2 9.2 17.2 25.2
Mach no: 2.42 2.48
V6 4.6 km/s VCAV: 4.96 km/s
Figure 4- 43. IMACON image of the shock-heated test gas flow in the electrode region. The
time is measured from the start of the current flow. Mach numbers and velocities are
deduced from the image as explained in Section 4.2.1.4.
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4.2.1.5 NASA Ames Test Program Conclusions
From all of the data taken, including current and voltage histories, total light emission,
monochromator histories, and the IMACON photographs, there appears to be no solid evidence
of breakdown in the gas. Some of the current histories do show late increases in current prior to
the final and steep drop in current. However, there are generally other runs at nearby conditions
with higher voltages that show no evidence of such late increases in current. In addition, as stated
previously, there is no indication of breakdown in any of the other diagnostics, including no
indication of a sudden drop in voltage. The gas spends only approximately 7 _ts traversing the
electrode region and is continually renewed. This is believed to be the reason that the maximum
voltages of approximately 1,050 V are not sufficient to cause breakdown in this flow geometry.
An electrical pseudo-conductivity was calculated for each test. Pseudo-conductivity values were
generally found to be significantly less than theoretical equilibrium values in the core for applied
electrical current in the 2- to 300-.4, range. For electrical current in the range of 300 - 700 A,
pseudo-conductivity was found to be relatively close to theoretical values, and for the range 700-
3,000 A, pseudo-conductivity was generally higher than theoretical. Low pseudo-conductivity
values in the low current range are believed to be due to the resistance of the electrode sheath
and boundary layer regions. Pseudo-conductivity values that are higher than the theoretical
values for the high current tests are believed to be due to ohmic heating, which raises the gas
temperature and electrical conductivity in the core region. However, at the highest pressure
(13 arm), ohmic heating would not be sufficient to cause the change in electrical conductivity
observed.
Further documentation of the research conducted at the NASA Ames EAST Facility is included
in Appendix Section A.2. Graphs of the data for all powered tests, including measured voltage
and current and the calculated pseudo-conductivities, are provided for all powered tests at the
end of Section A.2. It is worth emphasizing that the joint MSE/NASA Ames test program
represents one of the few experimental efforts in which data for conductivity in air at high
temperatures and pressures has been systematically collected.
4.2.2 University of Texas at Arlington Test Program
4.2.2.1 Overview
A principal objective of the MARIAH Project was to investigate the feasibility of using MHD
augmentation of high-pressure arc heaters as the basis for development of'a continuous-flow
hypervelocity wind tunnel optimized for testing advanced air-breathing hypervelocity propulsion
systems. In particular, the facility should be capable of providing post-bowshock conditions for
testing advanced concepts such as the Pre-Mixed, Shock-Induced Combustor (PM/SIC) Engine
(Ref. 93). In order to simulate this test environment in an MI-ID-augmented test facility,
preliminary design studies indicate that accelerator channel static pressures on the order of
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100 atm may be required(Ref.95). Unfortunately,thepreviousoperationalexperiencebasefor
MHD acceleratoroperationwasatpressuresontheorderof 0.5-5 atm(Refs.3, 96).
Developmentof MHD acceleratorscapableof operatingathighpressureswill requireimproved
understandingof avarietyof technicalissues.Theseincludetheeffectof high pressuresonthe
electricalconductivityandHall parameterfor equilibriumandnonequilibriumplasmas,the
structureandstabilityof thecurrentdischarge,andplasmaelectricalbreakdowncharacteristics.
In supportof theMARIAH Project,UTA conductedanexperimentalinvestigationof critical
electricalphenomenassociatedwith operationof MHD acceleratorsat highpressure.The
objectives of the UTA investigation were to:
1. Develop an experimental apparatus for measuring the electrical conductivity of high-
pressure seeded plasma.
2. Conduct an experimental investigation of the effect of applied electric field, static
temperature and pressure, and seed concentration on the bulk electrical conductivity of
the plasma.
3. Perform these experimental investigations using K-seeded air as the working gas and
repeat the experiments at selected conditions using N2 for comparison to determine the
effects of electron attachment to 02 on the electrical conductivity.
The results of this research are summarized in this section and discussed in more detail in
Appendix Section A. 1.
4.2.2.2 Test Hardware Description
The UTA shock tunnel facility, prior to modification for the MARIAH Project, is shown
schematically in Figure 4- 44 and is described in detail in References 97 and 98. The shock tube
is composed of a 15.2-era-diameter (6-in.), 3.05-m-long (10-ft) driver tube, and a 15.2-cm-
diameter (6-in.), 8.23-m-long (27-ft) driven tube, each rated for a pressure of 41.3 MPa (6,000
psi). A double-diaphragm section separates the two tubes.
In its original configuration, the UTA shock tube could not produce the high test section pressure
and temperature required to support the MARIAH Project testing. To provide the necessary
conditions, UTA converted its existing pressure-driven hypersonic shock tunnel into a
detonation-driven shock tube. Other concepts for enhancing the performance of the existing
facility were briefly considered, including the use of an electrical (Refs. 99, 100) or combustion-
heated (Refs. 101,102) light gas driver and a free piston driver (Ref. 103). Although the free
piston driver probably has the highest performance capability, Bakos and Erdos (Ref. 104) have
shown that the detonation driver offers somewhat comparable performance at a lower cost.
Furthermore, a substantial experience base had been developed at UTA to support this approach
via an ongoing research program to develop Pulse Detonation Engine (PDE) concepts (R.efs.
105, 106). Much of the technology developed as part of that program was directly applicable to
the detonation-driven shock tunnel.
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Figure 4- 44. Schematic of UTA shock tunnel
The detonation-driven shock tube was first proposed by Bird in 1957 (Ref. 107) and has been
subsequently studied by several investigators (Refs. 104, 108, 109, 110, 111, 112, 113, 114,
115). A detonation process is typically established in a driver tube filled with a near-
stoiehiometric mixture of N2 and O2, although other gas combinations are possible. Initial
pressure levels prior to detonation can be quite low, thus eliminating the need for thick metal
diaphragms. A relatively low molecular weight driver gas at high temperature and pressure
levels is produced from the detonation process. The detonation wave produces a sudden pressure
rise causing the primary diaphragm to rupture, thus establishing a shock wave in the driven tube
filled with air.
This device may be operated in either an "upstream propagation" or a "downstream propagation"
mode. In the "upstream propagation" mode, the ignition source is placed just upstream of the
primary diaphragm producing a detonation wave that propagates from the diaphragm, upstream
through the driver tube. The pressure rise following the detonation wave ruptures the primary
diaphragm to establish the flow in the driven tube. In the "downstream propagation" mode, the
ignition source is located at the upstream end of the driver tube, producing a detonation wave
that travels from the upstream end wall of the tube, downstream through the driver tube,
rupturing the primary diaphrag m on impact. For either mode, further performance enhancement
is possible by adding He dilution to the H2/O2 driver tube mixture. Helium dilution raises the
sonic speed in the driver gas and also somewhat reduces the danger associated with premature
detonation of the I-I2/O2 mixture. Performance calculations by Yu et al. (Ref. 111) indicate the
performance degradation caused by the slight lowering of the detonation temperature due to He
dilution is more than adequately offset by the increased sonic speed of the driver tube gas.
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Detonation Driver (Arc-Ignition Mode)
The driver from the existing shock tunnel was modified to serve as the detonation driver, and
ports for four surface-mounted pressure transducers were installed to monitor the behavior of the
detonation wave. Ports were also installed for an ignition plug at each end so both upstream and
downstream propagation modes could be evaluated. The tube had two ports for injecting gases.
These were used for injecting H2, 02, air, and He as well as for vacuuming out the initial air and
venting the combustible mixture in case of an aborted run. The shock tube retained the same
pressure rating converted to a detonation driver.
Arc Ignition System
An arc ignition system was constructed from an adaptation of the ignition system developed at
UTA for the PDE program (Refs. 105, 106). A single high-voltage, high-current arc plug, driven
by a capacitor bank power supply, was used for the ignition source. A high frequency unit in the
arc-ignition power supply initially ionizes a path between two flush-mounted, pin electrodes, and
capacitors then discharge through the ionized path in a high current arc to provide the necessary
ignition energy. The arc ignition system is discussed further in Appendix Section A. 1.
Driven Tube
The original driven tube was replaced with a new tube of type 304 stainless steel with a 4.12-cm
(1.62 in.) intemal diameter and a 9.14-m (30 t) length. The tube was commercially available
and had a pressure rating of 19 MPa (2,800 psi), sufficient for non.reflected mode needed to
support the MARIAH Project testing. This combination of driver and driven tube produced a
driver-to-driven tube area ratio of 14.7, thereby providing an additional improvement in
performance.
Initial Test Results (Arc-Ignition Mode)
The initial operation of the modified shock tube consisted of a series of test runs at increasing
pressure levels to verify the design and refine operating procedures. The first test nm was with a
stoichiometric mixture of 1-12and O2 in the driver at an initial pressure of 1 atm. The driven tube
contained atmospheric air and was separated from the driver tube by a 0.381-mm-thick
(0.015 in.) Mylar TM diaphragm. Thin Mylar could be used since the initial pressures were low
and the post-detonation pressure is typically about 20 times the initial level. Subsequent tests
increased the initial detonation tube pressure to 8 atm. Both upstream and downstream
propagation modes were examined.
The overall performance map of the modified shock tube was obtained by conducting a
parametric variation of both driver and driven tube pressures and by introducing varying
amounts of He dilution. Test results are summarized in Figure 4- 45. The performance was
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Figure 4- 45. Experimental performance map, electrical arc-ignition.
considerably less than predicted. An analysis of the test data for the downstream propagation
mode suggested the following reasons for the low performance. A strong expansion wave,
generated to satisfy the zero velocity boundary condition at the closed end of the tube, followed
the incident detonation wave. This expansion wave caused an immediate drop in pressure from
the Chapman-Jouguet level generated by the incident detonation wave, and the interaction of this
expansion wave with the reflected detonation wave appeared to drastically lower the pressure
level behind the reflected detonation wave. It is this pressure that initiates and sustains the
incident shock wave propagation in the driven tube, and as a result, very rapid attenuation of the
incident shock wave is suspected.
A somewhat different cause is suspected for the reduced performance with the upstream
propagation mode of operation. A detailed analysis of the pressure data indicated the initial
wave formation is a weak detonation wave (MD ~ 1.7) that transitions to a fully developed CJ
detonation wave (MD ~ 5.3) about 50 cm (20 in.) from the ignition source. The fact that a CJ
wave does not form immediately upon ignition probably interferes with the formation of a strong
incident shock wave in the driven tube. A further adverse effect may arise from the fact that the
upstream propagation mode induces a flow following the incident detonation wave in the
opposite direction to the flow induced in the driven tube, and additional loss of momentttm is
required to reverse this flow direction.
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Recommendations for Modification of Detonation Driver
Unfortunately, as a result of the reduced performance oft_he detonation-driven shock tube, it was
concluded that the original performance goals could not be met with this configuration. Detailed
analysis of the test data from the calibration suggested the shock speeds were considerably lower
than predicted, thus drastically lowering the pressure and temperature levels generated by the
incident shock wave. An analysis of these test results, as well as discussions with Drs. John
Erdos and Robert Bakos of GASL and Dr. Dave BogdanoffofNASA Ames, identified two
reasons for the poor performance. The primary reason was attributable to the Taylor rarefaction
wave associated with the arc-ignition process for the downstream mode and the combined effects
of reduced pressure due to the inability to directly initiate a CJ detonation wave and the required
flow reversal for the upstream mode. A secondary factor can be attributed to shock attenuation
due to an overly long driven tube, which can be quite easily remedied.
Thus, the poor performance of the UTA detonation-driven shock tube was attributable to the arc-
ignition process for initiating the detonation. To alleviate this problem, a modified ignition
process based on the "light gas driver tube" concept implemented by GASL in their expansion
tube facility (Refs. 114, 115) was adopted. The arc-ignition process was then replaced with the
light gas driver tube to generate the detonation wave in the combustible mixture by rupture of a
diaphragm between the driver tube and the detonation tube. This concept is summarized in the
following section and discussed in detail in Appendix Section A. 1.
Shock-Induced Detonation Driver
Figure 4- 46 (adapted from Ref. A.1-115) is an illustration of the light-gas, shock-induced
detonation mode concept. A high-pressure air or He driver, upstream of the detonation tube,
drives a shock wave into the detonation tube when the diaphragm between the tubes is ruptured.
This shock wave should quickly transition to a CJ detonation wave; however, the rarefaction
wave associated with the closed-end operation of the detonation tube should be drastically
reduced because of a reduction of the strength of the Taylor rarefaction wave, thus resulting in a
higher pressure behind the detonation wave. In effect, the driver tube exhaust acts like a "gas
piston" to sustain the pressure behind the incident detonation wave. In fact, in the "perfectly
driven" mode (discussed further in Appendix Section A. 1), the full CJ pressure level can be
maintained behind the detonation wave.
Facility Modifications
The necessary facility modifications were implemented by reconfiguring the detonation driver
tube back to its original pressure-driven mode of operation and converting one of the original
2.74-m- (9-ft), 15.2-cm-diameter (6-in.) driven-tube sections to become the detonation tube
section. The original double-diaphragm section was reinstalled between the upstream driver tube
and the detonation tube, and the 4.12-cm-diameter (1.62-in.) driven tube was shortened to a
length of 3.05 m (10 fi) to reduce shock attenuation due to boundary layer growth behind the
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Figure 4- 46. Wave diagram depicting shock-expansion tube operation with a shock-induced
detonation driver.
incident shock. The new detonation tube was also modified to allow insertion of four pressure
transducers to monitor the detonation wave development.
Test Results from Shock-Induced Detonation Mode of Operation
After modification to operate in the shock-induced detonation mode, the detonation tube was
tested using both air and He for the driver. For these tests, the detonation tube contained a
stoichiometric mixture of H2 and 02 at various pressures. These tests indicated that near
perfectly driven detonations could be achieved with a He driver, and the pressure drop due to the
Taylor rarefaction wave could be considerably reduced or eliminated. Furthermore, the pressure
level achieved by the reflected detonation wave was much higher, and the corresponding driven-
tube Math numbers were increased to as high as 7.65. Thus, it appears the shock-induced
detonation mode offers substantial gains in performance by reduction or possible elimination of
the Taylor rarefaction wave.
The composite performance map for the shock-induced detonation driver is shown in Figure 4-
47. The peak shock Mach number obtained with the air driver was 10.71, resulting in a post-
shock temperature and pressure of 4,190 K and 9.8 atm, respectively. The highest post-shock
pressure attained with the air driver was 21 atm, with a corresponding temperature of 2,058 K.
As anticipated, use of He in the upstream driver resulted in considerable improvement in
performance. There was a general increase in both temperature and pressure over that attainable
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Figure 4-47. Composite performance map, shock-induced detonation mode.
with the air driver for comparable conditions. A comparison of Figures 4- 45 and 4- 47 shows
that a significant enhancement in shock tube performance was realized by incorporation of the
shock-induced detonation mode over that attainable with the arc-initiated detonation.
Conductivity Measurement Channel
The plasma electrical conductivity was measured in a channel connected to the end of a 3.05-m
(10-It) driven tube section. The conductivity measurement channel was adapted from a design
by Garrison (Ref. 116) and consisted of a pair of powered electrodes to provide an axial
electrical field and 20 probe electrodes, separated by insulators, to measure the axial voltage
distribution. The major components are displayed in Figure 4- 48. The inside and outside
diameters of all electrodes were 40.0 mm (1.576 in.) and 139.7 mm (5.5 in.) respectively, and
their thicknesses were 9.53 mm (0.375 in.) for the powered electrodes and 3.18 mm (0.125 in.)
for the probe electrodes. Teflon TM insulator rings of the same inside and outside diameters were
interspersed with the electrodes to electrically isolate all electrodes.
The total length of the measurement channel, including the powered electrodes, the probe
electrodes, and the insulators was 115.9 mm (4.56 in.). As shown in Figure 4- 48, the electrodes
and insulators were clamped together with four threaded steel rods, which isolated them from the
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Figure 4- 48. Electrical conductivity channel
electrodes by sheathing them with ceramic tubing. Lexan TM insulator segments 15.2 cm (6 in.) in
length were mounted on both ends of the conductivity channel to prevent the applied voltage
from shorting to ground. A 2.61-m (8.57-tt) section of driven tube was also installed
downstream of the conductivity channel to prevent shock reflections from the downstream
diaphragm returning to the test section prior to termination of the test window.
Initial tests of the conductivity channel installed in the detonation-driven shock tube resulted in
two separate incidents that exposed several design deficiencies in the channel. These incidents
occurred when the channel was subjected to higher pressures than were anticipated in the
original design. When the mode of operation was changed from the arc-ignition to the shock-
induced detonation mode, the pressures behind the incident shock remain the same; however, the
channel was subjected to much higher pressures during the blowdown process. The first incident
occurred when peak internal pressures on the order of 10.2 MPa [1,500 pounds per square inch
absolute (psia)] were generated within the conductivity channel during the blowdown process
and resulted in tensile failure of the Teflon insulators. The second incident occurred when high-
pressure gas leaked between the insulators and copper plates causing an axial loading sufficient
to create a tension failure of the axial tie rods and damaged the copper electrode plates and
insulators beyond repair.
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Thesedesigndeficiencieswerecorrectedby fabricatingacontainmentstructureof aluminum
(A1)to accommodatetheradialpressureloadsandincreasingthetie rodstrengthanddiameterto
supporttheaxial load. Also, two steelplateswerefabricatedfor eachendof thechannel,which
werealsotied togetherwithhigh-strengthboltsfor applicationof compressivestressesto the
channel.Finally,theplateswereanchoredto theshocktubethruststandwith high-strength
chains.A photographof thefial assemblyis shownin Figure4- 49. These modifications
proved to be adequate, and no mechanical problems were encountered in subsequent tests.
Figure 4- 49. Photograph of final conductivity channel installation.
Seed Injection System
Since the focus of the UTA research program was to investigate the electrical properties of
seeded, high-pressure plasmas, a method was developed for injecting an alkali metal seed
material uniformly throughout the driven tube prior to initiating the flow through the shock tube.
The seed injection apparatus was designed to inject either K2CO3 or cesium carbonate (Cs2CO3)
in dry powder form into the driven tube upstream of the electrical conductivity channel;
however, only K2CO3 was used during the test program.
Two solenoid valves were used to control the inlet and outlet air through the seed injector
column. The entire seed injection system was mounted on a vibration mechanism to prevent
coagulation of the seed. The seed was injected into the driven tube through a nozzle assembly
designed to inject the seed parallel to the axis of the tube in both upstream and downstream
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directions in order to spread the seed material uniformly throughout the driven tube. The nozzle
assembly was inserted into the tube from a cavity in the side of the driven tube by the applied air
pressure. Once the pressure was removed, a spring retracts the nozzle assembly into the cavity to
remove it from the flow path during operation.
4.2.2.3 Experimental Program Results
Test Objectives
The objectives of the conductivity tests were to conduct an experimental investigation of the
effect of applied electric field, static temperature, static pressure, and seed fraction on the
electrical conductivity of a seeded air plasma. Also, seeded N2 experiments were to be
conducted to examine the effect of electron attachment to oxygen ions. Finally, a test was to be
conducted to match the fluid dens@ and electron mole fraction in the UTA facility to one of the
NASA Ames test points that used unseeded air so that a comparison of the data from the two
facilities could be made. The resulting test plan is shown in Table 4- 9.
Table 4- 9. Proposed test matrix.
RUN
SERIES
1
6
7
8
9
P2 T 2 (K) SEED V 2 (v) COMMENTS
9.5-11 3,000 1% 400 Test to define V-I curve
60O
80O
9.5-11 3,000 2% 600 Effect of increased seed fraction
9.5-11 2,500 I% 600 Effect of temperature on conductivity
2,500
TBD TBD TBD 600 Test to match Ames electron mole fraction
9.5-11
20-25
20-25
20-25
9.5-11
3,000
2,500
2,500
3,000
3,500
2,500
3,000
3,000
1%
1%
1%
2%
1%
600
4OO
6OO
8OO
800
800
1,000
1,200
1,400
N2 test series
V-I curve at increased pressure
Effect of temperature on conductivity at
elevated pressure
Effect of increased seed fraction
Effect of Joule heating on conductivity
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Figure 4- 50. Driven tube pressure vs. time for June 26A test.
Summary of Test Results
Results from a typical conductivity test run (Run 26A June) are illustrated in Figures 4- 50
through 4- 53. The conditions for this run were a shock Mach number of 7.76, T2 of 3,010 K, P2
of 8.5 atm, applied voltage of 417 V, and seed rate of 1% by weight. The pressure traces from
the three pressure transducers located in the driven tube are shown in Figure 4- 50. The traces
from the first two transducers were used to determine the shock speed. The pressure P2 and
temperature T2 following the incident shock were calculated as a function of the initial pressure
and temperature in the driven tube and the calculated shock speed.
The unusual behavior observed at t_l 7.3 ms is thought to be the result of interference induced in
the piezoresistive pressure transducers from the current flow in the channel. This phenomenon
was not observed at low currents. The abrupt change in pressure transducer output at t_17.3 ms
coincides with the initiation of current flow in the channel, and the transducer output returns to a
steady pressure level at t_l 8.1 ms (not shown), which approximately coincides with the decay of
the current to near zero.
Figure 4- 51 shows the voltage vs. time traces. The top curve is the total applied voltage across
the powered electrodes. The probe electrodes do not sense any voltage until passage of the
incident shock. Their voltage levels quickly reach a maximum value in about 20 kts and then
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drop as the initiation of current flow from the capacitor bank causes a slight drop in the power
supply output voltage and the formation of the electrode voltage drops. The voltages then rise to
a second peak after the arrival of the contact surface when the electrical conductivity begins to
rapidly drop. An examination of the current vs. time trace (Fig. 4- 52) shows the peak current
occurs at about 17.6 ms, which coincides with the minimum applied voltage.
Finally, the average conductivity was calculated as a function of time from the Ohm's Law
relation:
o.. = j_ IIA
E AVc / Ax (4- 14)
and is shown in Figure 4- 53. The conductivity variation appears to closely follow the measured
current variation.
The rate of current rise is slower than the designed rate. This was initially thought to be due to
an impedance mismatch between the power supply and the plasma load. However, a simulation
of the transient characteristics of the power supply indicated the current rise time should be on
the order of 10-20 Its for a constant load. This analysis suggested that a more probable cause of
the slow rise time is an actual variation in plasma resistance with time. Two possible reasons for
the plasma resistance variation with time could be the finite times required for vaporization,
dissociation, and ionization of the K:C03 seed material, as well as a nonuniform distribution of
seed material in the driven tube. The estimated duration of the test window, defined as the
region between the incident shock and the contact surface, was 185 Its for this run, which means
that the peak current occurs approximately 200 Its after the theoretical time of passage of the
contact surface through the conductivity channel. The electrical conductivity of unseeded
combustion products would be very low compared to that of seeded air, yet the peak current and
peak electrical conductivity occurred after passage of the contact surface. This implies that some
of the seed must have been entrained in the detonation products following the contact surface
rather than being evenly distributed in the test gas slug (region 2 on Fig. 4- 45).
As can be seen in Fig. 4- 52, the current does not drop to zero, and the voltage distribution over
the probe electrodes stabilizes to a near constant level. During this period, the unseeded
detonation tube combustion products, which have a small but measurable conductivity, are
passing through the conductivity channel.
The voltage vs. time data was then cross-plotted to determine the axial voltage gradients vs.
distance for the time corresponding to the theoretical passage of the contact surface and the time
corresponding to the peak current. These results are shown in Figure 4- 54. The voltage
gradient data was then used to calculate the axial electric field.
AV
E = ---'_ (4- 15)
Ax
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Figure 4- 51. Voltage vs. time for June 26/1 test.
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The electric field calculation was based on the voltage gradient between probe electrodes I and
20 since the higher gradients at the front and rear of the channel (Fig. 4- 54) correspond to the
end effects in the powered electrode regions. These 2-D end effects include surface work
functions, voltage drops across the boundary layers, and curvature of current filament lines in the
powered electrode region.
A summary of all experimental results and test data for all powered tests is presented in
Appendix Section A. 1. Testing was accomplished in a moderate pressure regime (9.5-11 atm)
and the higher pressure regime (20 - 25 atm) with various values of applied voltage and seed
fraction. Unfortunately, the test program was terminated prematurely during the high-pressure
test series when an electrical breakdown apparently occurred in the channel. Testing at high
values of applied voltage to assess the effects of Joule heating on the electrical conductivity was
not accomplished. However, some Joule heating effects were noted at the lower values of
applied voltage and are reported in Appendix Section A. 1.
Comparison with Theoretical Models
The calculated values of average conductivity based on the experimental measurements are
compared with theoretical calculations of conductivity in Figure 4- 55 for the nominal 10-atm
data. The theoretical values were calculated with the modified version of the NASA chemical
equilibrium code, using the Demetriades and Argyropoulos conductivity model (Ref. 117). The
conductivity values calculated from the experimental measurements, both at contact surface
passage and at peak current, are shown in Figure 4- 55. In general, the measured conductivities
are lower than the theoretical values, with the experimental conductivities ranging from a factor
of 2 above theory at low temperatures to a factor of 4 below theory at the highest temperatures
using the peak current. The experimental results are uniformly lower than theory using the
current measured at the passage of the contact surface. The experimental results ranged from a
factor of 5 below the theory at low temperatures to a factor of 13 below the theory at high
temperatures.
A plot of average conductivity vs. temperature for the nominal 20-arm test runs is presented in
Figure 4- 56. The absolute levels of conductivity are considerably higher than the theoretical
predictions for this set of data. A much flatter trend with increased temperature is also observed.
The measured current levels were much higher for these cases, but an analysis of the temperature
rise due to Joule heating again showed the conductivity increase should be quite small. Also, the
possibility of leakage current due to a breakdown of the insulators cannot be discounted as it was
during this sequence of runs that the electrical breakdown occurred.
Finally, a comparison between experimental and theoretical conductivities for seeded N2 plasma
is presented in Figure 4- 57 for a nominal pressure of 10 atm. The experimental conductivities
for seeded N2 are considerably higher than for seeded air, whereas the theoretical values for the
two plasmas are roughly comparable for the Demetriades and Argyropoulos model. The
measured values of conductivity ranged from 85% of theory for the peak current and 75% of
theory at the contact surface current at higher temperatures to 3.3 times the theory for the peak
current and 2.3 times the theory for the contact surface current at low temperatures. Thus, the
phenomenon of electron attachment by positive oxygen ions appears to have some degree of
validity.
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4.2.2.4 University of Texas Test Program Conclusions
A new detonation-driven shock tube facility was developed to support the MAR/AH Project
research program conducted at UTA. The new facility provided significantly increased
performance over the former pressure-driven facility. The performance of the facility with the
original arc-ignition mode was considerably lower than predictions based on ideal shock and
detonation wave models. This reduced performance was shown to be a result of the interaction
between the Taylor rarefaction wave and the reflected shock wave for the downstream
propagation mode of operation. For the upstream mode, the gradual rise in end-wall pressure
resulting from the failure to directly initiate a Chapman-Jouguet detonation wave is the most
likely cause of the lower performance.
Implementation of the shock-induced detonation mode proposed by Bakos and Erdos of GASL
(Refs. 115, 116) provided a considerable increase in performance. Peak shock Mach numbers of
10.7 have been achieved. Furthermore, by proper tailoring of conditions, the trailing Taylor
rarefaction wave associated with the arc-ignition mode can be eliminated.
The basic approach proposed by Garrison (Ref. 116) was implemented for measurement of the
electrical conductivity of seeded air and N2 plasma for this research. Generally consistent results
were obtained; however, the interpretation of these results was complicated by the observation of
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currentflow after the theoretically estimated time of passage of the contact surface through the
conductivity eharmel. The contact surface should separate the seeded air plasma from the
unseeded detonation products; however, the detonation products apparently also contained seed
in these experiments since the estimated conductivity for unseeded detonation products is too
low to explain the continued rise in current after the predicted contact surface passage.
The observed variation of conductivity with temperature for the seeded air plasma resulted in a
lesser rate of increase than the theory would predict. Also, the observed magnitude of
conductivity was considerably lower than the theoretical magnitude for the 10-atm data. In
contrast, fairly good agreement was achieved for high pressures and high temperature.
The results of the conductivity measurements with seeded N2 plasma appear to give some
support to the theory of electron attachment by the positive oxygen ions in seeded air plasma.
Measured conductivities for the N2 plasma were on the order of 2 to 3 times larger than
comparable measurements for the air plasma, whereas the theoretical values calculated from the
CEC code using the Demetriades and Argyropoulos conductivity model (Ref. 117) produced
comparable results for the two plasmas with only a slightly higher electrical conductivity in the
N2.
4.1.2.3 Russian MHD Facili_ Research
This section summarizes work performed under subcontract to TsAGI, a Russian government
technology organization contracted to conduct aerodynamic testing across a wide spectrum of
test conditions, Math numbers, and altitudes. The product of the subcontract was a set of two
reports dealing with a) the problem of upgrading the facility to support MHD accelerator
experiments at increased channel pressure; and b) MHD channel electrode characterization. The
PI for the subcontract was Dr. Vadim Alfyorov, a noted MHD researcher at TsAGI. In the
1960s, Dr. Alfyorov and his colleagues developed an MUD accelerator facility that included a
small aerodynamic test section. As of this writing, the facility is still operational and has been
used to characterize the hypersonic flow around various small-scale models, including models of
the Russian Buran Space Shuttle vehicle. Model sizes are limited to lengths or diameters of 15
cm or less. The reports were originally written in Russian and then translated into English; they
appear in unedited form in Appendix E of this document as Sections E. I and E.2.
The TsAGI subcontract had several objectives:
. Summarize and document all of the operating characteristics and capabilities of
the TsAGI MttD test facility and describe recent operating experience. This
included an explanation of the significant facility limitations, such as electrode
lifetimes, power requirements, and magnet limitations.
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Provide descriptions and cost estimates of new equipment required in upgrading
the facility. The specific envisioned facility upgrades, as described above,
include: 1) improved seed injection system, 2) special MHD accelerators for
diagnostics on electrode walls, and 3) a 7.5-T superconducting magnet.
Investigate the electrode phenomena in the TsAGI MI-ID channel. This was
understood to include a description of the basic modes of conduction within the
sheath layers and electrode wall boundary layers, along with experimental
investigations to characterize the mode of conduction in the near-wall region (i.e.,
whether arc mode or diffuse mode). No new experiments were conducted for this
phase of the research. Instead, data from past Russian papers, reports, and
previous electrode tests were researched.
Objectives 1) and 2) were addressed in the first TsAGI report (Section E. 1.2), and Objective 3)
was the subject of the second TsAGI report (Section E.2.2).
Subsections 1 and 2 of the TsAGI facilities report give a reasonably detailed description of the
test capabilities and operating conditions of the existing facility. The MSE Summary (Section
E. 1.3) supplements this information, which includes photographs of the facility in addition to a
discussion of some of the salient features of the facility. TsAGI supplied the photographs at the
request of MSE.
The proposed facility modifications described in the report are divided into two stages. Stage 1
addresses the issue of upgrading the seed injection system and constructing the new MHD
channels, and Stage II addresses the costs for upgrading the magnet to a 7.5-T superconducting
magnet. Conclusions and findings of the report are presented in the Summary.
The two subsections below (Sections 4.2.3.1 and 4.2.3.2) provide a synopsis of the facility
capabilities, the costs of upgrading the facility, and the major results of the MHD electrode
study. Additional details and photographs may be found in Appendix E. A third study appearing
in Appendix Section E.3 is entitled "ENGO Report on the Feasibility of MHD for Simulating
Flows over Transatmospheric Vehicles." This was conducted under a separate subcontract and is
not addressed here. A summary level description of this study may be found in Section 4.1.1.3.
4.2.3.1 TsAGI Facility Capabilities and Facility Upgrades
The photograph of the TsAGI Hypersonic MHD Facility is an end-to-end view of the entire
facility. The flow direction is fi'om right to left, away from the observer. The main components,
starting at the upstream end include: a) the arc heater; b) the MHD accelerator enclosed by one
half of the magnet in place; c) the test cabin with the large diagnostic window clearly visible; and
d) the ejector system that conducts the exhaust gases into a storage tank.
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Figure 4- 58. Photograph of the TsAGI hypersonic MHD facility.
The overall performance capabilities of the system are shown in Figure 4- 59. The triangular
points on this diagram represent projections made in a separate study conducted by the ENGO
organization (see Section 4.1.1.3 and Appendix Section E.3). The present facility capability is
represented by the elliptical region on Figure 4- 59. As is typical of arc-heated facilities, the exit
flow conditions fi:om the MH1) accelerator lie too farto the fight of the q = 1,000 or q =
2,000 lbf/ft 2 curves to permit dynamic pressure matching between test section conditions and
actual post-bowshock conditions. The implication is that, for a specified altitude, the test section
Mach numbers or static pressures will be consistently lower than the corresponding post-
bowshock quantities.
Because the TsAGI system is a small-scale, 30-year-old device, it was realized it would be
difficult and expensive to upgrade the facility to anything resembling a pilot-scale (i.e., large-
scale) MHD-driven aerodynamic test facility. However, the facility could potentially be utilized
for the investigation of several fundamental design and performance issues if adequate diagnostic
capabilities were available. Several such issues were identified:
• Flow chemistry issues, including the formation ofmonatomic oxygen and nitrogen oxide
within the arc heater and accelerator.
Thermal management questions, such as the demonstration of gas cooling by means of
injecting He or Ar at critical points along the electrode wall. These "gas curtains" might
reduce the effective wall temperature and wall heat fluxes while providing a conductive
132
paththroughtheboundarylayerregions.Anotherstudy,whichwouldbeusefulfor
futureMHD acceleratorsystemdesigns,wouldbeto characterizethewall heatfluxesas
afunctionof powerinputandappliedmagneticfield.
Characterizationof thenatureof theconductionmechanismwithin theelectrodesheath
layers.Suchstudieswouldrequirespecialdiagnosticsandspeciallyconstructed
electrodewall sections,whichwouldpermitthephotographingof arcpatternsandthe
characterizationof thearcstructureandcurrentdensitiesasa functionof magneticfield,
temperature,andstaticpressure.
Thesestudieswould requireanumberof upgradesto theTsAGIfacility including a) improved
diagnostics,b) specialMHD acceleratorchannels,c) specialdiagnosticwall sections,d)
improvedseedinjectionsystem,ande)ahigherfield strengthmagnet.Theidentificationof
theserequiredfacility upgradesandtheircostsconstitutedoneof theprimarytasksof theTsAGI
subcontract.
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Figure 4- 59. Post-bowshock conditions.
Several points in the above report merit emphasis or further discussion. First, the cost of the
proposed upgrades amounted to approximately $400,000 for the Stage I modifications (high-
pressure facility utilizing the existing magnet) and $500,000 to $1 million for Stage II. The large
uncertainty in the cost estimate for Stage II is primarily due to the uncertainty of magnet costs.
The total cost for all proposed upgrades would be in the range $900,000 to $1.4 million. Since
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this exceededtheavailable funds for experimental work in the MA.R.IAH Project, these facility
upgrades were not pursued.
A brief description of key facility hardware components and facility operating characteristics is
found below. A more detailed description, as well as additional photographs, may be found in
Appendix E. Some of the information below has also been derived from observation of the
facility during a visit to the site by MSE in 1995.
Seed Material and Seed Injection System
The seed material used in virtually all of the TsAGI testing has been a eutectic mixture of Na and
K with a mixture ratio of 77/23 by mass of K/Na. This mixture is commonly referred to as NaK.
The advantage of NaK over more common seed materials such as Cs or K is it is liquid at room
temperature. This permits the seed to be injected by means of a pressurized injection system.
The quartz ampoule containing the NaK is shown near the center of the photograph. Seed flow
is initiated when a mechanical plunger breaks the glass near the base of the ampoule.
Pressurization of the seed is achieved by use of the gas cylinders shown in the photograph.
Liquid injection of the seed eliminates many of the problems associated with the use of
powdered seed materials. It is also superior to other liquid systems, such as the K2CO3 plus
water mixture, which was briefly used in the DOE MHD power generation program. The major
failing of this scheme was that the introduction of water depressed the flame temperature in the
combustor.
Arc Heater
The arc heater is a Huels segmented electrode heater. The arc is spin stabilized using a coaxial
magnetic field. The heater is water cooled and operates at a stilling chamber temperature of
3,700 K and a pressure of approximately 20 atm.
MHD Accelerator
Several different accelerators have been built and tested in recent years. Typical accelerators are
55 - 70 cm in length, designed to run in the Faraday mode, and contain 40 - 45 electrodes. An
important feature of the TsAGI accelerators is they run in the heat sink mode (i.e., without active
cooling). This, coupled with the high heat fluxes (10 - 50 MW/m2), implies very short lifetimes
for the electrodes and insulators. As noted in the report, typical electrode-insulator lifetimes are
in the range of 5 - 10 seconds. The most common failure mode is erosion of the intereleetrode
insulators along the anode wall. Channels are commonly operated at maximum currents of 55 A
and Faraday voltages in the range 200-400 V. The input power to the accelerator is in the range
0.5 to 1.0 MW.
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Sequence of Operation
The sequence of events for a typical test is as follows:
1. Cooling water flow is initiated in the arc heater and other downstream
components (excluding the accelerator).
2. Magnet power supply is activated.
3. Airflow is initiated.
4. Power to the arc heater is activated.
5. Seed flow is initiated.
6. Power to the MHD accelerator is activated. A typical powered run time is 1-2
seconds.
7. Measurements and diagnostics in the test section are recorded.
8. Power to the accelerator is terminated.
9. Seed flow is terminated.
10. Arc heater power is terminated.
11. Airflow is terminated.
12. Magnet power is terminated.
13. Cooling water flow is terminated.
A summary of key operating parameters is shown in Table 4- 10.
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Table 4- 10. Summary of the TsA (71MHD facility operating parameters.
ARC HEATER
Power Input 200 - 260 kW
Stilling Chamber Temperature 3,700 K
Stilling Chamber Pressure 20 - 30 arm
Mass Flow Rate 7.0 to 22.5 grarn/s
ACCELERATOR
Inlet Dimensions 1.5 x 1.0 or 1.5 x 1.5 cm 2
Channel Length Variable, 14.5 to 72.5 cm
Inlet Flow Velocity 1,800 m/s
1.9 (variable, depending on
Inlet Mach Number choice of nozzle)
Magnetic Field 2.4 T
Gas Conductivity in Stilling Chamber (Nominal) 150 mho/m
Electrode Pitch (Longitudinal) 8.0 mm
Electrode Width (in Longitudinal Direction) 4.5 mm
Number of Active Electrode Pairs 45
Maximum Current Per Electrode Pair 55 A
Applied Voltage Per Electrode Pair 200 - 400 V
Total Input Electric Power 0.5 - 1.0 MW
Heat Flux 10 - 50 MW/m 2
Powered Run Times 1 - 2 s
TEST SECTION
Dimensions (cross section) 50 cm x 50 cm
Maximum Flow Velocity 7.5 krn/s
Densities 10 -4 - 10 .2 kg/m 3
15 (for sec. nozzle exit area
Mach Number of 20 x 20 cm 2)
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Thereportdevelopsseveralimportantconclusionsummarizedbelow.
1. Themostseverebarrierto increasingtherun timesof theMHD acceleratoris the
extremelyhigh wallheatflux, which is typically in therange10- 50MW/m2. Such
highheatfluxesimply veryshortelectrodewall lifetimes(typically 10- 12seconds).
Themostcommonfailuremodethatwasobservedin theTsAGI experimental
program was erosion of the anode wall insulators at the electrode-insulator interface.
According to the report, the use of active cooling instead of relying on heat sink
operation will not significantly improve the problem.
2. The chemical composition of the gas leaving the MHD accelerator will generally be
different from the in-flight composition. The molar concentration of monatomic
oxygen increases strongly with the applied MHD currents. At a reservoir pressure of
20 atm and an applied field of 3 T, the molar monatomic oxygen content was
computed to be 27%. As the report notes, such high concentrations of this species
will almost certainly confound the combustion chemistry occurring in a scramjet test
module.
3. One of the recommendations made by MSE during a visit to TsAGI in the fall of
1995 was to investigate the feasibility of modifying the facility to operate at
substantially higher pressures. This would improve the overall performance of the
system, permitting the test section conditions (Mach number and static pressure) be
moved somewhat closer to the post-bowshock conditions. According to the report,
(see Section 4): "Increasing the pressure (and the mass flow rate, accordingly)
implies substantial losses in output parameters as compared with those implemented
by now. The velocity V = 6,000 m/s is necessary to simulate conditions inherent in
the combustion chamber for M = 15 - 20, may be realized (while maintaining a
suitable length of the MHD channel) at B > 5 T only. The highest results may be
obtained at B = 7.5 T."
The high cost associated with the design and implementation of facility modifications to support
higher pressure, higher magnetic field operation of the facility was the primary reason MSE
decided not to pursue these recommendations further.
4.2.3.2 TsAGI Report on MHD Electrode Study
This section describes experimental work done at TsAGI to characterize the various modes of
current transport in the vicinity of the MHD accelerator electrode walls. The report is a review
and compilation of work previously accomplished at TsAGI under separately funded efforts.
The intent of the discussion below is to provide the background and objectives of the TsAGI
experimental investigations.
Current flow through an MHD accelerator is a complex process for many reasons. First, even in
the ideal case where the pressure, temperature, velocity, and magnetic field are everywhere
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uniform,thecurrentdensityandelectricfield vectorswill notbeparallelto eachotherdueto the
tensorialcharacterof thegeneralizedOhm'sLawrelationship.Nonunifomaitiesin temperature
andvelocity furthercomplicatethecurrentflow patterns.TheTsAGI report(SectionE.1.2)
addressestheseissuesin thecontextof threedistinctzoneswithin theflow streamin whichthe
currentflow andcurrentnonuniformitiesaredominatedby differentmechanisms.In Appendix
E, severalsuchnommiformitiesareidentified. Thereaderis referredto SectionsE.3.1.andE.3.2
for adescription.
Onetypeofnontmiformity is a result of thermal overshoot within the boundary layer. It occurs
only in high Math number flows where the wall recovery temperatures may be substantially
higher than the core flow static temperatures. In a high-speed flow, the temperature of an
adiabatic wall can be estimated knowing the core flow properties from the equation:
Taw = 1 + r(y-1) Mz
T 2
where Tis the static temperature in the core flow, and M is the core flow Math number.
(4- 16)
The parameter r is the recovery factor, a number which depends on the Prandtl number and is
generally close to, but less than 1. For a high Maeh number flow, equation (4- 16) indicates the
adiabatic wall temperature may be significantly higher than the core flow temperature. In a real
accelerator, the actual wall temperature will be lower than the adiabatic wall temperature;
however, the overall result is that thermal overshoots can occur in high Mach number flows due
to the conversion of kinetic energy to thermal energy through the mechanism of viscous
dissipation. The term "thermal overshoot" simply means that a local maximum occurs in the
static temperature profile somewhere within the boundary layer.
Because electrical conductivity is a very strong function of temperature, the existence of such a
thermal nonuniformity will have the effect of locally increasing the electrical conductivity,
thereby causing a local increase in the current density (Jy). Increased Jy will result in an
increased body force (JyB) on the fluid, leading to an increase in the flow velocity. Therefore, in
a high Mach number MI-ID accelerator flow, one can expect overshoots of both temperature and
velocity within the boundary layer.
It should be noted the velocity overshoot phenomenon is unique to MHD accelerators. In an
MI-ID generator, the body force acts in the upstream direction, and the current Jy is in the
opposite direction from what occurs in an accelerator. The local increase in conductivity will
cause the current density to be more negative, thus retarding the flow in the boundary layer more
than in the core region. It is also true that Math numbers in generators are usually somewhat
lower than in accelerators; therefore, the recovery temperatures are closer to the core flow
temperature. Consequently, the mechanism leading to thermal overshoots is somewhat
diminished in generators, and due to the opposite direction of the current density, there is no
mechanism for velocity overshoots in MHD generators.
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Theabovediscussionconcerningthevariousmechanismsfor currentandfield nonuniformities
suggeststhedesignof electrodesfor MHD acceleratorsmusttakeintoaccountanumberof
factors.Someof thesemechanismsarenotwell understoodandcanonly beresolvedby
recourseto experiment.Theseconsiderationsweretheprimarymotivatingfactorfor theTsAGI
studyonelectrodephenomena.
4.2.3.3 TsAGI Electrode Study Conclusions
Although not clearly noted in the report, the schematic of the experimental rig (Fig. E.3.2,
Appendix Section E.3) shows the special electrode wall sections installed in the test chamber of
the facility with a separate magnet coil for applying the magnetic field. Therefore, the test rig
was separate from the MHD channel used for flow acceleration in the TsAGI facility.
The primary objective in these investigations was to investigate the mode of current transport
from the hot core flow through the boundary layer and near-wall sheath layer. The major
concern is to understand how the transverse current flows from the hot core and thermal
overshoot regions, through the cold sublayer, and into the electrodes. A second objective was to
characterize the current distribution along the electrode face as a function of both the streamwise
coordinate and the magnetic field. To this end, special wall sections containing segmented
electrodes were fabricated. Both the total current and the current through each segment were
measured as the magnetic field was varied. By observing how the current through each of the
segmented electrodes varied as a function of applied field, it was possible to deduce a
relationship between the applied B field, the segment number, "t_', and the segment current li.
The photographs taken inside the test channel (Appendix Section E.2.2) clearly show the
presence of a thin, highly luminescent layer close to the wall. This is not caused by the electric
discharge but corresponds to the thermal overshoot region as described above. The core Mach
numbers in the test channel ranged from 2 to 4. At a Mach number of 3, using a recovery factor
of 0.9, the estimated ratio Taw/T in Equation (4- 16) is 2.6, indicating the temperature within the
boundary layer may be substantially higher than in the core. This is entirely consistent with the
observation of the luminescent region close to the channel walls. Although the wall is not
adiabatic, the regions near the insulator faces are close to adiabatic, and one would expect
substantial elevation in static temperatures within the boundary layer.
The conclusions of this experimental work may be summarized as follows:
. In a high Mach number flow through MI-ID accelerators, the thermal recovery
process near the electrode walls, in combination with the Joule heating from the
injected power, can drive a thermal instability that results in the formation of
microarcs in the sheath (near-wall) regions. Evidence for this comes from the
photographs employing a high-speed framing camera. Estimated current in a
typical microarc was 5 - 10 A. The number ofmicroarcs grows in rough proportion
to the total current.
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The experiments that employed quadruple-segmented electrodes show the current
transport in the sheath region on the anodes is primarily due to microarcs that have
observed lifetimes in the range 104 to 0.01 seconds. The microarcs concentrate
along the downstream edge near the electrode-insulator interface at the higher
currents. At low currents (less than 5 A), the current distribution with respect to
streamwise distance is nearly uniform. The microarcs concentrate on the
downstream edge of the anodes and on the upstream edge of the cathodes. This arc
concentration phenomenon leads to arc erosion of the anodes at the electrode-
insulator interfaces. Arc erosion damage was clearly visible in the photograph (see
Appendix E, Fig. E. 1-6).
Microarcs were also observed at the cathode. In this case, the current concentration
was along the upstream electrode-insulator interface. The more severe erosion
damage appeared to be along the anode as opposed to the cathode face.
The application of a magnetic field changes the current distribution on the anode
considerably. At a field strength of 2.4 T, most of the current passed through the
downstream segment. The report gives an exponential decay law for the current Ii
on the i-th segment in terms of the streamwise coordinate X,.:
I; = Iioexp(-kB 2 Xi) (4-17)
.
Therefore, the current decay with an e-folding distance is inversely proportional to
the square of the magnetic field.
The report indicates that intense Joule heating in the boundary layer can lead to
localized gasdynamic flow disturbances, including shocks. It is not clear if this is a
theoretically predicted or observed result.
4.2.3.4 MSE Perspective
One of the key unresolved issues raised by the TsAGI electrode investigations is the question of
what is the primary mechanism of wall failure. Destruction of the electrode walls can be
explained by several possible mechanisms: a) high heat fluxes, b) arc erosion, and c) rapid
oxidation due to the very high temperatures and the presence of 02. It would appear, based upon
the observed failure modes, that mechanism c) may not be as important as a) and b) but may still
be a contributing factor. The common mode of failure observed in the TsAGI channels was the
burnout or destruction of the boron nitride insulator material at the on the anode wall insulator-
electrode interface. If oxidation had been the primary mechanism of destruction, one would
expect the more reactive metallic electrodes to have failed first. This typically did not happen.
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Thefactthedamagewasusuallyconcentratednearthedownstreamedgeof theanode insulator
suggests that arc erosion may be playing an important role since it is at this interface where
current will be most highly concentrated.
The statement in the report to the effect that active cooling cannot significantly extend wall
lifetimes must be contrasted with the experience gained in the AEDC LoRho program, in which
run times for water-cooled MHD accelerator channels were in the range of tens of minutes or
more. Because there were several significant differences in the operational and design
parameters between these two experimental programs, it is not clear that active cooling alone can
explain the much greater channel lifetimes experienced in the LoRho program. We note the
following:
• The TsAGI MHD channels were nm at significantly higher magnetic fields. (2.4 T vs.
1.5 T in the LoRho experiments). This implies, according to Equation (4- 17), current
concentrations will be much higher in the Russian channels. Higher current
concentrations will imply higher arc erosion rates.
• The LoRho program used N2 rather than air as the working gas. This eliminates
oxidation as a mechanism for wall degradation in the LoRho channels. The TsAGI
program has always relied on air as the working gas.
• The TsAGI MHD channels were designed to run at somewhat higher Mach numbers.
Typical Mach numbers in the TsAGI program were in the range 2 - 4, whereas in the
LoRho program they were nearly always below 2. This implies, according to
equation (4- 16), the peak temperatures in the boundary layer will be substantially
higher in the TsAGI channels compared to the LoRho channels. Note the Mach
number enters as a squared term; therefore, a Mach number of 3 yields a thermal
overshoot of 2.6 vs. a value of 1.4 for a Mach number of 1.5. These much higher
boundary layer temperatures in the TsAGI channels imply correspondingly higher
heat fluxes.
4.3 SYSTEMS ISSUES
In this section several supporting technologies for MSHD accelerators are evaluated. The topics
considered include: a) technologies for enhancing ionization and conductivity in MHD
accelerators are presented in Section 4.3.1 and Appendices Sections D.2 and D.3; b) an
evaluation of the possible use of fullerenes for use as an M]U) seed material is reported in
Section 4.3.2 and Appendix Section C. 1; c) a study to characterize the advantages and
disadvantages of several alkali metal seed materials is given in Section 4.3.3 and Appendix
Section C.2; and d) a section addressing the thermal management and thermal protection issues
for MHD accelerators is presented in Section 4.3.4 and Appendix Section D. 1. In some cases,
especially for the ionization technology study, new technologies have been recommended as
candidates for improving accelerator performance. The potential use of beamed energy addition
in the MHD channel opens the possibility of achieving the necessary electrical conductivity
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without operatingatextremelyhighcoretemperatures. This mode of operation has the potential
to alleviate the high heat fluxes to the walls, which were characteristic of the TsAGI MHD
accelerator. The studies on seed materials and thermal protection are significant because they
characterize the state of the art in these two areas. All of these technologies are critical to the
task of designing and operating an MI-ID accelerator system that is efficient, reliable, and
durable.
4.3.1 Ionization Technologies
As part of the overall MARIAH Project, MSE has attempted to characterize and evaluate several
technologies that may have the potential to enhance the electrical conductivity within a MHD
accelerator or to improve the channel efficiency. The purpose of this section is to provide a
synopsis of a number of candidate technologies that have been or are being evaluated for
possible application to MHD-augmented wind tunnels. Such technologies include e-beams,
microwave sources, heavy-charged particle beams, neutral particle beams, x-rays, gamma
radiation, laser irradiation, microwaves, and radio frequency (rf) sources. Each has its own
unique characteristics and operating regime. Likewise, each has its own advantages,
disadvantages, and technology issues. These are addressed in greater depth in the following
sections.
4.3.1.1 Problem Statement
The purpose of the MHD accelerator is to augment the total enthalpy of the flow by accelerating
an incoming airstream to high velocities. To accomplish this, it is necessary to substantially
increase the total enthalpy through the addition of work or heat. As discussed in Section 3 of this
report, to simulate conditions representative ofhypervelocity flight will require that large
amounts of energy (typically tens ofmegawatts per kg) be added to the gas stream while keeping
the entropy of the gas within sharply defined limits. A problem with conventional arc-heated
MHD has been its tendency to exceed these entropy limits due to the low plenum pressures and
the high-plenum temperatures. Ideally, one would like to operate the plenum of an MHD system
at low temperatures and high pressures because this would permit starting the entire process at
much lower entropy levels. In arc-heated MHD systems, there is a sharply defined temperature
limit of about 2,600 - 2,700 K below which the expansion from the primary nozzle must not fall.
The requirement for high temperatures in the channel is due to the "necessity" of relying on
thermal ionization of an alkali metal seed. To ionize any of the alkali metals in this way requires
temperatures of at least a few tenths of an electron volt or at least 2,600 K.
On the other hand, if a way could be found to ionize the seed (or a constituent of air) at low
temperatures, then high temperatures would no longer be required. Low temperature operation
would yield a significant payoff in terms of air chemistry. The dissociation of 02 and the
generation of nitrogen oxide would be greatly reduced if the working temperatures in the
accelerator could be maintained below approximately 2,500 K. Materials issues also become
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easierto addressif thechanneltemperaturesarereduced.Thus,thereareseveralreasonsfor
investigatingthepossibilityof low temperatureoperationof anMHD channel.Although
temperatures of 2,600 K may seem high, it should be pointed out the Russian accelerator channel
at TsAGI is estimated to operate at core temperatures close to 4,000 K.
4.3.1.2 Technology Evaluation
The most obvious way to produce ionization at low temperatures is to use some type of beamed
energy such as e-beams, heavy particle beams, microwaves, or lasers. As is shown in Reference
17, any of these technologies is capable of producing ionization, but to sustain appreciable free
electron number density downstream of the ionizing source will require the channel be run at low
pressures of the order of a few tenths of an atmosphere or less. Otherwise recombination and
attachment processes will cause the free electron number density to drop to essentially zero in
the space of a few centimeters or less. It thus appears that practical application of beamed
energy addition implies temperatures and pressures in the channel are low. In the following
subsections, the merits and deficiencies of each of the beamed energy technologies are
summarized. The reader is referred to Appendix Section D.2 for more detailed discussions. We
note that Appendix Section D.2 contains data on microwaves and e-beam ionization for a
spectrum of pressures and temperatures ranging from 0.01 to 1,000 atm in pressure and from 300
to 3,000 K in temperature. Since it was convincingly demonstrated in Reference 17 that beamed
energy addition is practical only at low to moderate temperatures and low pressures, we confined
ourselves to that regime in the discussion below.
4.3.1.2.1 Electron Beams
As part of this study, MSE has evaluated e-beams as a means of enhancing the ionization of air
within the MHD accelerator. E-beams have been employed successfully in gas lasers where they
have been used to create a population inversion in the vibrational modes of gases such as carbon
dioxide (CO2) (Refs. 118, 119). That application represents a much more benign environment
from the standpoint of creating ion-electron pairs because in all of the laser applications, the
working pressures are very low, usually of the order of a few torr whereas in typical MHD
accelerators, the pressures may be a few tenths of an atmosphere. The static pressure is a critical
parameter in any ionization scheme that relies on impact ionization.
In a general sense, there are three essential issues with respect to the propagation of e-beams in
air: a) What kinetic energies are necessary to ensure the beam penetrates the gas to a sufficient
depth? b) How much ionization occurs per unit path length assuming the beam can propagate?
and c) What is the availability and capability of e-beam sources?
The first question can be answered quite completely based on the formulas for particle ranges as
a function of kinetic energy, originally derived by Hans Bethe. These formulas include the
relativistic effects that come into play at high beam energies and are valid under the assumption
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thatthebeamscattering is due to Coulomb forces. The range formulas are summarized in the
book by Turner (Ref. 120). Evaluation of the range parameter involves evaluation of an integral
over the energy spectrum from the lower limit zero up to the specified incident beam energy.
Details of the computational method may be found in Reference 120. Table 4- 11 is an
abbreviated version of Table D.2-1. It shows computational results using these formulas for the
particular case of ambient air.
Table 4- 11. Range of electrons in air.
CASE Pressure Temp 13 Kin. Energy Range
(atm) (K) (MeV) (cm)
A. 1 300 0.506 0.0816 10
0.800 0.342 100
The parameter 13is the ratio of the incident beam velocity to the speed of light in a vacuum.
Figure 4- 60 shows range calculations for electrons and heavy particles in low-pressure air at
300 K. These computations show that beam energies in the range 10 to 100 keV will be
necessary to penetrate the gas to depths of a few centimeters up to about a meter. The more
detailed computations in Appendix Section D.2 show the particle range scales inversely with the
pressure or heavy particle number density and increases more or less uniformly with beam
energy. Another important conclusion is, for any of the selected low-pressure low temperature
conditions, the heavy particles have significantly lower penetrating power than do electrons at
the same kinetic energy. However, it would be premature to dismiss the possible use of heavy
particles since at this point, nothing has been said about their ability to create ion-electron pairs
through impact ionization.
The question regarding the number of ion-electron pairs created per unit of path length can be
answered by appealing to the notion of an ionization mean-flee path. The mean-free path is a
simple function of the ionization cross section. This parameter was measured for electron impact
ionization in N2, NO, and 02 by Rapp (Ref. 121) in the 1960s up to energies of roughly 1 keV
(Ref. 120). Although Rapp's data is for the low energy limit, it can serve to illustrate the general
approach to the problem. The results for NO are shown in Figure 4- 61. The data for N2 and O2
are quite similar. In all cases, the measured cross section data has been converted into mean-free
path numbers using the formula:
- 1
l-
nE
where l is the mean-free path (in cm) for impact ionization, n is the number of target molecules
(NO in this case) per cubic cm, and E is the measured ionization cross section.
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Figure 4- 60. Range of charged particles in air at low pressure.
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The problem of computing the steady-state conductivity in a gas irradiated by an e-beam of
known intensity can be formulated using a set of rate equations into which empirically known or
theoretically computed rate coefficients are introduced. This model was used in Reference 23 to
analyze the MARIAH II concept flow train consisting of an ultrahigh-pressure gas piston driver,
followed by an expansion region into which beamed energy was directed. Downstream of the
beamed energy region the flow entered an MHD accelerator. Electrical conductivity in the
accelerator was assumed to be sustained by an e-beam having a beam current density (jb).
In Reference 23, the authors analyzed the e-beam interaction for the case of low pressures and
moderate temperatures through the accelerator (p-0.1 arm, T<l,500 K). A set of five chemical
kinetics equations was developed that describe the interaction of electrons with the air molecules.
The flow was assumed to be unseeded. Nitrogen oxide was taken to be the ionizing species. The
reader is referred to Appendix F for further details of the kinetics model. By assuming steady
conditions in the MHD channel, the authors of Reference 23 were able to deduce an approximate
expression for the electrical conductivity in the channel as a function of the beam parameters,
pressure, and rate constants describing electron-neutral impact ionization and dissociative
recombination. The result is:
where M is the average mass of an air molecule; m is the electron mass; y is the mass stopping
power of air; p is the mass density; e is the electron charge; Ke, and Ka,. are the rate constants for
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electron-neutral ionization and dissociative recombination, and _ is the electrical conductivity.
To illustrate the ability of an e-beam to augment the conductivity of air, we consider a 30-keV
beam propagating through air at a pressure of 1 arm and a temperature of 1,500 K.
E = 30 keV
T = 1,500 K
P = 1 atm
jb = 1.0 A/cm 2
Wi = 9.26 eV (ionization energy for NO)
9 = 0.232 kg/m 3
dE/dx = 9Y = 1.97 x 10 -3MeV/cm (Ref. 120)
M//m = 5.29 x 104 (assuming the molecular weight of air is 28.8)
Ke, = 5.8 x 10"9cm3/s
Kd,. = 1.5 x 10 -7 cm3/s
Substituting these values into the above formula for o" yields a value of 95 mho/m. Thus, this
nonequilibrium model shows that reasonable conductivity levels can be achieved through the use
of e-beams. It should be emphasized the above computation for 6 is valid only in the vicinity of
the beam. Outside the beam, jb is zero, and the conductivity may rapidly decrease due to
electron-ion recombination. To maintain acceptable levels of conductivity through the MHD
accelerator will require the heavy particle number density be kept low to suppress recombination.
This generally implies operation at low pressures (Ref. 119).
Figure 4- 61.
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In Reference17,the e-beam problem was addressed somewhat differently using a 1-D
computational model that incorporated all of the important chemical kinetics and ionization
processes. The electron energy distribution function was computed using a numerical solution to
the Boltzrnann equation for the electron energy distribution function. The conclusions of that
paper are that e-beams are useful for MHD only in the low-pressure limit, i.e., only for channel
pressures below approximately 1 arm. For high-pressure operation in the range of 50 -100 atm,
the authors concluded that recombination would be so rapid as to render the process useless.
However, if the MHD duct could be operated at subatmospheric pressures, the recombination
rates drop dramatically, and the e-beam ionization process would become attractive.
A more practical issue in the use of e-beams is the question of window design. Based on
knowledge gained to date, it appears there are two major problems with regard to design of the
foil windows that are used to isolate the working gas from the incoming e-beam. First, the
window material may be subjected to high current densities, which often implies a very rapid
temperature rise. The equation relating the rate of temperature rise to e-beam parameters may be
derived from a simple heat transfer analysis:
dT Jb dE
dt ep Cp dx
In the above equation, Tis the temperature in degrees K; t is the time;jb is the e-beam current; e
is the electron charge; p is the mass density; Cp is the specific heat of the window material; and
dE/dr is the stopping power of the window material measured in eV per cm. The last parameter
has been tabulated for many materials (Ref. 120). Typical values for dE dr are in the range 1-4
MeV/cm. The following representative numbers illustrate the magnitude of the problem. For a
2 3
current density of 48 A/cm, mass density of 1 grarn/cm, dE dr = 1.86 MeV/cm, and a heat
capacity of 1 calorie per gram, the predicted temperature rise is 21.3 million degrees per second.
Judicious choices of foil materials along with various schemes for actively cooling the foil can
alleviate the problem to some extent; however, in general it is not possible to operate in a
continuous mode at very high current densities, irrespective of the foil material. The heating
problem is the primary consideration that dictates a pulsed mode of e-beam operation when high
current densities are required.
Another problem relating to window design is the pressure standoff problem. Because the foils
must be very thin to avoid absorbing significant numbers of electrons, they are unable to
withstand large pressure differentials. In practice, this restricts most e-beam windows to a
pressure difference of 1-2 atm, and in many cases, substantially less.
With respect to cost and availability of e-beam hardware, according to Dr. Lou Rosocha of Los
Alamos National Laboratory (LANL), there is off-the-shelf hardware available capable of
delivering electrons at the beam energies required for MHD (0.5-5 MeV). One class of such
devices is Linear Accelerators (LINACCS), which are used widely in the medical imaging field.
They have typical ratings of 1 kW of beam power and can deliver particles with kinetic energies
up to 10 MeV. Dr. Rososcha indicated a used LINACC suitable for our use would cost in the
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neighborhoodof $1 million. He also stated there is a new technique called fusion bonding in
which titanium is bonded to the wall material, giving a composite that has greater strength than
the foil alone. Aerodynamic windows have been used only for small apertures (approximately
1A-in. dia.). Diamond has also been used as a window material for windows up to approximately
1½-in. diameter.
Dr. Rosocha cited Textron Defense Systems of Everett, Massachusetts, and the Boeing North
American Corporation Rocketdyne Division as two companies that have built cooled windows
for laser weapons applications. Finally, he mentioned that graphite fiber has been used for e-
beam windows. This material can take high stress but not high temperature.
MSE has also communicated with Dr. Ron Gielgenbach at the University of Michigan on the
same topic. Dr. Gielgenbach mentioned a company called AECL in Ontario, Canada. AECL
has built high power, continuous wave e-beams that operate at up to 13 MeV for materials
deposition applications. Dr. Gielgenbach mentioned there is an ongoing effort by the workers in
the field of flue gas processing to utilize e-beams for ionizing particulates so they can be
removed in electrostatic precipitators. Reference 122 describes this concept in some depth. He
also cited the "Nike" project at the Naval Research Laboratory as having utilized high-energy e-
beams in a pulsed mode. The pulse widths were about 100 nanoseconds (ns). Dr. Gielgenbach
indicated he was uncertain whether pulse repetition at high repetition rates would be feasible.
4.3.1.2.2 Microwaves
Microwave beams have been suggested as a means of achieving enhanced ionization. From
experimental work done in the postwar years, it is known that microwaves can be used to ionize
gases. The work of MacDonald is noteworthy (Ref. 123). MacDonald measured the breakdown
fields of microwaves in low temperature air, H2, N2, and 02 as a function of pressure, with
pressures ranging from about 0.1 to 100 mm mercury (Hg). Plots of the breakdown field
amplitude vs. cavity pressure typically exhibit a minimum at a critical pressure in the range 1-40
mm Hg. This critical pressure is dependent on the frequency and the gas type; however, the
dependence generally appears to be weak for both of these parameters. Data for high pressures
(above 1-atm) seems to be quite scarce.
Based on the work of MacDonald and others, it is well established that the predominant
ionization mechanism in most gases of interest is electron impact. The collision frequency (v c )
of an electron with neutral particles is a fundamental parameter. To achieve ionization by
microwaves, the collision frequency must be substantially higher than the beam frequency:
V c >> V b
If this condition does not hold, the electrons will typically undergo many periods of oscillation
before colliding with a neutral, and therefore, on the average, will gain no net energy from the
electric field. Conversely, the electrons will gain net energy if the ac field does not change
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appreciablyoveronecollisiontime. If thecollisiontimeis longenough(butstill smallerthan
thebeamperiod),sufficientkineticenergywill beimpartedto theelectronsto ionizeaneutral
particleuponimpact. This is thebasicmechanismof microwaveionization.
Thewavepropagationvectork of amicrowaveis givenby:
k=13 + io_
and the real quantities o_and j3 are the attenuation and phase constants, respectively. Both have
the units of inverse length. The skin depth (or absorption length) is then defined as the inverse of
o_. The absorption length is a fundamental parameter that characterizes the distance to which
microwave energy can penetrate a material or a gas.
Mitchner and Kruger (Ref. 124) derive the relation which gives ot as a function of the frequency
and other parameters. Details may be found in Appendix Section D.2. A key parameter
characterizing the plasma is the plasma frequency, cop, defined as:
Pressure and temperature dependence is a significant issue. For MHD applications,
subatmospheric pressures and temperatures in the range 300 - 2,500 K are of greatest interest.
Figure 4- 61 is a plot of the microwave beam absorption length at 0.01 atm and 1,000 K. The
absorption length is plotted as a function of beam frequency for three selected beam energies.
For conditions corresponding to MHD accelerator operation, the free electron densities for
adequate electrical conductivity should be in the range of 10 -5 to 10 -4 of the heavy particle
density. This is the situation depicted in Figure 4- 62. One can conclude that frequencies in the
range 7 - 8 gigahertz (GHz) and beam energies in the range of a few tenths to a few eV will be
adequate for sustaining ionization at the indicated conditions.
It should be noted the conclusions regarding microwave absorption depth are based on a highly
simplified model of the gas-microwave interaction. The electron density in this model is a
specified parameter, whereas in an experimental sense, it is determined by the impact kinetics of
electrons being accelerated and then colliding with and ionizing neutral molecules. Further
simulations need to be done taking into account the kinetics and the gas-wave interactions before
microwaves can be considered to be a useful technology for ionization enhancement.
Micci (Ref. 125) has demonstrated microwave heating and plasma creation in several gases,
including He and N2, at pressures up to 3 atm using a 2.2-kW microwave thruster operating at
2.45 GHz. His device was a resonant cavity into which gas was introduced after a standing wave
had been set up in the cavity. He further describes laser-induced fluorescence equipment that has
been used to measure exit flow velocities from the exit of the microwave thruster. This
technology appears to be reliable and practical for the lower pressures at which Micci has
worked.
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4.3.1.2.3 Heavy Particle Beams
Heavy particle beams include alpha particles, proton beams, neutrons, and more exotic species
such as pions. To date, we have only examined the first two in a preliminary manner. Figure 4-
61 shows the range calculations for air at selected temperature and pressures. As previously
noted, the ranges for two particle types shown (protons and alpha particles) are consistently
lower than for electrons. Collision cross-section data for impact ionization by these heavy
particle species has not yet been collected. A more detailed mode, similar to the kinetic rate
model described in Reference 23 for electron impact ionization, should be developed for heavy
particle ionization.
4.3.1.2.4 Laser Beam Energy Addition
In Reference 126, Macheret described a mechanism by which air can strongly absorb CO2 laser
radiation at high pressures and low temperatures. 1-D modeling of this mechanism indicates the
characteristic absorption lengths will be of the order of a meter or less. The mechanism is a two-
step process in which a small amount of CO2 in the flow first absorbs the laser radiation by way
of a vibrational absorption process. Then, the excited CO2 molecule must rapidly transfer its
vibrational energy to an N2 molecule through a V-V transfer of energy. The laser energy is
added in the exit region of a contoured nozzle, where the pressure is a few atrn, and the
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temperatures(throughtheenergyadditionregion)rangefi-omapproximately1,000 up to
6,000 K. The analysis of Reference 4- 22 did not address the use of lasers for ionizing air.
Rather, the application was to use a CO2 laser to add energy in the nozzle expansion region of an
RDHWT.
The use of lasers to directly increase the ionization in or upstream of an MHD duct is somewhat
problematic. To ionize a Cs atom or an nitrogen oxide molecule will require 3.89 or 9.26 eV,
respectively. For a laser beam to accomplish this will in the simplest case require that a single
photon of at least the ionization energy be absorbed by the particle, followed by the ejection of
an electron from the valence orbital. A photon having 3.89 eV of energy corresponds to a
frequency of 9.4 x 1014 Hz, a frequency in the UV spectnLm. Ionization of nitrogen oxide will
likewise require photons in the UV region. This appears to be feasible in principle. UV lasers
(excimers) are well developed. The primary question is one of conversion efficiency. The UV
lasers presently available operate at low conversion efficiencies. Although they cannot be ruled
out as ionization sources, they do not appear as attractive as the more efficient microwave and e-
beam technologies.
4.3.1.3 Pulsatron Study on Ionization Methods for MHD Accelerators
Pulsatron Inc., is a company headquartered in the United States with a scientific staff consisting
of Russian scientists residing in Moscow. Past research by the Pulsatron staff includes
investigation of gas discharge phenomena, application of corona discharges to the problem of
pollutant removal from gas streams, and high-voltage discharges in long air gaps. The research
performed by Pulsatron under the MARIAH Project was motivated by the fact that electrical
conductivity is one of the basic parameters that limits the performance of MHD accelerators.
This subcontracted research had the primary objective of investigating various schemes for
creating a favorable conductivity regime within MHD accelerators. The study was limited to
computational modeling and analysis.
As part of the scope of the work, a target flight regime was established for the purpose of
focusing the investigation. For simplicity, a flee-stream condition corresponding to an altitude
of 31 km and 2,000 lbf/ft 2 dynamic pressure was adopted as a target simulation point. The
temperature, Mach number, static pressure, and total enthalpy shown on page 5 of this report
correspond to this free-stream condition.
In preliminary discussions with Pulsatron, MSE emphasized that one of the gasdynamic regimes
of interest to NASA was the high-pressure regime, characterized by static pressures of 100 atrn
or higher in the MIlD channel. This is the basis for Pulsatron's selection of a very high-pressure
reservoir with a stagnation pressure of 1,000 atm. If one specifies a pressure of 100 atm at the
inlet of the MHD accelerator channel and an inlet Mach number of at least 2, the required
reservoir pressures must be at least 800 atm to satisfy the isentropic expansion relations. While
reservoir pressures in the range of 800 - 1,000 atm are far beyond present arc heater capabilities,
it is not completely unreasonable to assume that a 100-atm static pressure condition, with
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temperaturesof at least 2,500 K, could be achieved at the accelerator inlet. Methods for
realizing such high-pressure inlet conditions are the focus of the MARIAH II concept discussed
in Section F.
The approach adopted by Pulsatron consisted of investigating three different MHD acceleration
schemes:
An MHD accelerator that operates in the LTE regime and for which alkali metal
seed is required. The required electrical conductivity is achieved through
nonequilibrium ionization of the seed. Pulsatron selected Cs as the seed material.
Nonequilibrium gas ionization by means of e-beams. This technique has been
roposed in the past and was studied analytically by Macheret et al. (Ref. 23) and
experimentally by Shair and Sherman (Ref. 127). The Pulsatron analysis assumes a
beam energy of 40 keV, which according to the curves shown in Figure D.2-2
(Appendix Section D.2) should be adequate to penetrate air to a distance of several
cm.
Plasma acceleration by means of the so-called "snow plow" technique. This method
relies on creating a highly localized sheet of very high conductivity plasma and
utilizing the MI-ID process to accelerate the sheet. The supposed advantage of this
scheme over conventional MHD processes is the plasma is produced through a series
of arc filaments within which the current density and the conductivities are extremely
high, leading to very high JyB body forces. The proposed scheme is not without
both theoretical and practical difficulties. Difficulties include: a) electrode erosion
due to the high current densities impinging on the electrodes; b) the problem of
generating many such sheets at a high pulse repetition rate to accelerate the gas more
or less continuously; c) and the problem of controlling the instabilities, which are
characteristic of this type of localized plasma.
It should be noted this technique did not originate with Pulsatron. The scheme has been often
referred to in the literature as the T-layer concept. A number of researchers in Russia and the
United States have investigated the T-layer scheme in the context of MHD. An excellent
analysis and description of the process has been given in the Ph.D. dissertation ofLin (Ref. 128),
which also contains numerous references to recent work in this area.
All three of the above cases were analyzed using a set of 1-D equations representing the
momentum balance, energy balance, and mass conservation. Details on the analysis may be
found in Appendix Section D.3.
The three different ionization schemes considered by Pulsatron are discussed in separate
subsections below.
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4.3.1.3.1 Nonequilibrium Ionization Scheme
In the usual configuration of MUD accelerator systems, electrical conductivity is obtained
through the thermal ionization of a seed material, usually an alkali metal. Because all of the
alkali metals have ionization potentials of 3.8 eV and higher, elevated temperatures of the order
of 2,700 K and higher are required to sustain thermal ionization in the MHD channel. Such
temperatures are undesirable because they lead to high wall heat fluxes and high entropy levels.
The high temperatures that are required for conventional MHD accelerators are the fundamental
reason that upstream drivers must operate at high pressures. The high pressure provides some
compensation in entropy for the high temperatures.
The MHD accelerator system proposed by Pulsatron in this section would solve the high
temperature problem by using very high applied electric fields to obtain elevated electron
temperatures and high conductivities in the MHD accelerator. The bulk gas would be at a
substantially lower temperature than the electrons. This approach is unusual because of the high
pressures and number densities involved.
Table 4- 12 summarizes the operating characteristics.
Table 4-12. Operational characteristics of an MHD system which relies on
nonequilibrium ionization of Cs.
Mass Flow Rate
Heater Temperature
Heater Pressure
Molar Fraction of Cs
40 kg/s
2,800 K
980 atm
0.01%
Channel Exit Pressure
Channel Inlet Velocity
Channel Exit Velocity
Channel Inlet Total Enthalpy
70 atm
2,020 rn/s
1,750 m/s
3.5 MJ/kg
Magnetic Field 6.0 T Channel Exit Total Enthalpy 6.4 MJ/kg
Channel Inlet Temperature 1,200 K Applied Transverse Elec. Field 3,400 V/cm
Channel Exit Temperature 2,900 K MI-ID Channel Length 17 cm
Electron Temperature 5,800 K MI-ID Channel Hydraulic 5.2 cm
(approx.) Diameter
Channel Inlet Pressure 25 atm
One of the more interesting conclusions of the Pulsatron analysis is that the targeted free-stream
conditions could theoretically be obtained using very small seed fractions. Since the ionization
scheme does not rely on thermal ionization, it is possible to ionize nearly all of the seed atoms.
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The assumed molar seed fraction adopted by Pulsatron was 0.01%, or about 50 to100 times
smaller than is commonly used in conventional MHD systems.
The elevation in electron temperature is substantial. Electron temperatures of 0.5 eV (5,800 K),
are mentioned, while Figure 2- 1 in the report shows the bulk gas temperature to be everywhere
less than 3,000 K, and at the inlet to be only 1,200 K. At the same time, the computed pressures
through the channel are in the range 25 - 70 aim. Because the static pressures are quite high and
the temperatures moderate, the heavy particle number densities will be appreciably above that of
ambient air. This would preclude the possibility of substantial elevation in electron temperature
unless very high electric fields were employed, as Pulsatron assumed in their analysis. Electric
fields of 3,400 V/cm are quoted. This is to be compared to the MHD analysis done by MSE
(Appendix Section B. 1) in which the pressures and temperatures in the channel are comparable
to those just quoted; however, typical electric fields are in the range of a few hundred V/cm.
The TsAGI MHD facility provides a useful reference point for comparison of electric fields. In
that facility, the applied electric fields in the channel were of the order of 200 V/cm. Therefore,
the proposed Pulsatron channel would be operated at approximately 17 times the applied electric
fields of the TsAGI MHD channel. The high electric fields in the Pulsatron channel suggests the
possibility of avalanche breakdown in the interelectrode air gap. The parameter that determines
the onset of avalanche breakdown is the ratio E/N, where E is the local electric field in V cm,
and N is the number density of heavy particles in cm -3. For air, the critical value of E/N is given
by Raizer (Ref. 55) as 1.23 x 10 -17 V cm 2. The heavy particle number density N may be
estimated from the relationship P = NkT, and E is given in Table 4- 12 as 3,400 V/cm. The
pressure and temperature data in the table yield a value for E/N of approximately 2.2 x 10 "17V
cm 2, which is nearly twice the breakdown value. Based on this analysis, it appears the MHD
channel proposed by Pulsatron may operate in an arcing mode, at least through some part of the
accelerator.
The Pulsatron method for computing the nonequilibrium conductivity was based on the
nonequilibrium parameter _, which is the difference in electron and heavy gas temperatures.
This value was determined using empirical data for cold air; however, the details of this part of
the model are somewhat sketchy. It is unclear, for example, whether the parameter _ properly
accounts for recombination and electron attachment processes. It would be desirable to attempt
to reproduce the Pulsatron results by using a nonequilibrium model for conductivity, which
includes all of the important kinetics processes and relies on a more "first principles" approach to
the computation of electrical conductivity.
Although the idea of nonequilibrium ionization at high pressures is an interesting one, the
concept is largely unproven experimentally. Questions of scale also are important and were not
considered in the Pulsatron analysis. The mass flow rate through the Pulsatron accelerator was
40 kg/s. In a full-scale wind tunnel system, the mass flows will be as high as 800 kg/s. Thus, the
MHD channel cross sections must be scaled by a factor of 20 in area or a factor of 4.5 in the two
transverse dimensions. To obtain the same electric field with an electrode separation 4.5 times
larger will require the applied voltage to be increased by the same factor. Thus, the applied
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voltagesfor thefull-scaledevicemaybeashighas70,000to 80,000V acrosseachelectrode
pair. Suchhigh voltagesmaycreatepracticalproblemsin systemdesign,suchastheproblemof
maintainingelectricalisolationin averyconfinedspace.Thehigh-voltageproblemmaybe
mitigatedsomewhatby resortingto channelshavingalow height-to-widthratio (i.e.,nonsquare
crosssections);however,thismaycreateadditionalproblemsin magnetdesign.
4.3.1.3.2 Ionization by Electron Beams
The two methods discussed above for obtaining the necessary electrical conductivity in the
accelerator are ordinary thermal ionization and nonequilibrium electric field-enhanced
ionization. A third method is to use high-energy e-beams to create additional free electrons
through impact ionization of the heavy gas particles.
The Pulsatron analysis of the interaction of an e-beam in a high temperature flow is formulated
through a set of gasdynamic equations supplemented by a constitutive equation for pressure
(ideal gas law), the Ohm's Law relation for a plasma, and a rate equation that balances free
electron creation due to impact ionization against the sum of electron losses due to dissociative
recombination and three body attachment to 02. The analysis is reasonably complete, and the
authors give estimates of the attachment rate and recombination rate coefficients. Based on this
nonequilibrium conductivity model, the case of an MHD channel employing reservoir conditions
of 1,800 K and 1,000 atm is simulated. Because it is more energetically favorable to ionize at
low gas densities rather than high ones, the gas was expanded to approximately 0.6 atm at the
MHD accelerator inlet. An e-beam having energy of 40 keV and current density of 1 A/cm 2 was
assumed to be injected along the axis of the accelerator. Table 2.3.1 in the report illustrates the
results of the computations based on the above model. At the test section, the target conditions
of 0.01-arm pressure and Mach number of 11.6 were met.
Table 4- 13 and Table 4- 14 below show the main operating parameters of the system. Table 4-
14 has been reproduced from Table 2.3.1 of the report.
Table 4- 13. Operating characteristics of an MHD accelerator system
which employs e-beams.
Section Cross section Pressure Temp. Velocity Mach #
cm 2 Atm K m/s
Heater 1,000 1,800
Nozzle Throat 2.1 x 2.1 536 1,528 773 1.0
Channel Entrance 16.7 x 16.7 0.54 242 1,858 5.9
Channel Exit 16.7 x 16.7 1.00 830 3,418 6.2
Test Section 85.5 x 85.5 0.01 228 3,595 11.6
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Table 4-14. Additional system data for an MHD
accelerator system.
Mass Flow Rate 40 kg/s
Magnetic Field 6 T
Transverse Applied Voltage 6.5 kV
Electron Beam Current Density 1 A/cm 2
Electron Beam Energy 40 keV
Electron Beam Power 6.0 MW
Power to MHD Accelerator 200 MW
It was suggested that dielectric walls be used for the sidewalls. For the e-beam system, 12
hollow cathode sources were recommended. These would be placed downstream of the MHD
accelerator, and the e-beam would be aimed upstream.
This simulation is important not only because it shows the possibility of enhanced MHD
performance through the use of e-beams but also because it shows the general approach to be
taken in formulating the problem of e-beam interaction in high temperature air. This model
should be capable of being easily generalized to two and three dimensions. The major
uncertainties in the model are uncertainties in the rate coefficients for electron attachment and
dissociative recombination. Ultimately, one must have recourse to experiments to demonstrate
the feasibility of using e-beams to achieve enhanced MHD accelerator performance.
4.3.1.3.3 Snowplow Method
As noted above, the snowplow method is not a novel idea, and considerable study has been
devoted to it in the recent past. The work ofLin (Ref. 128), Bityurin (Refs. 129, 130), and
Veetkind (Ref. 131) is noteworthy. The last two researchers have studied the problem
experimentally. It is known from these studies that T-layers can be formed in a time scale of a
few milliseconds and can propagate for some distance. It is also known that a sheet of hot
plasma being accelerated into a cooler region ahead of it will be subject to the Raleigh-Taylor
instability and will have a pronounced tendency to disintegrate. Thus, a major challenge for the
T-layer scheme is to demonstrate the layer can cohere for a sufficiently long time to provide a
more or less uniform acceleration to the gas in the channel.
Another problem is the question of how a localized plasma sheet can be used to provide uniform
and continuous flow conditions in an aerodynamic or combustion test facility. The proposed
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solutionis to providemultiplerail electrodesalongthewallsof theaccelerator,whichwould
permitmultipleplasmasheetsto propagatethroughthechannelsimultaneouslyspacedatmore
or lessuniform intervalsfrom eachother. It is alsorecommendedin thereportthattheT-layer
conceptbecombinedwith agasejectorsystem,whichwouldhelpto dampout the
nonuniformities.Thisconceptis anovelonebutwill requireexperimentaldemonstrationbefore
it canbeseriouslyconsideredasacandidatefor drivinganMI-ID acceleratorfor thepurposeof
reproducinghypervelocityflight conditions.
Finally, thereis thequestionof entropygeneration.Theveryhighcurrentdensitiesinsidethe
plasmasheetmayhavetheeffectof increasingtheentropygenerationto intolerablelevels,
resultingin exitconditions,whicharefarto therightof thedesiredHt-vs.-Strajectory.
AlthoughthePulsatroncomputationsindicatethisshouldnotbethecase,thereareseveral
questionsconcerningthemodelequationsthatwereusedandarethesubjectof ongoing
discussionsbetweenMSEandPulsatron.
4.3.1.4 Ionization Technologies Conclusions
The conclusions on the feasibility of beamed energy addition for ionization enhancement in
MHD accelerators are summarized below:
Electron Beams
For operation at or below atmospheric pressures and temperatures of a few hundred Kelvin,
e-beams appear to be quite feasible. Beam energies in the range 20 - 200 keV will be adequate
for achieving the necessary electrical conductivity. Theoretical estimates of 100 mho/m at a
pressure of 1 atm and a temperature of 1,500 K were cited in the literature. Higher
conductivities than this appear to be attainable by operating at subatmospheric pressures. For
operation at high pressures (100 atm or higher), recombination and electron attachment processes
will be extremely fast. As a result, e-beams appear not to be feasible for high-pressure operation.
One of the major issues for e-beam energy is foil heating. For beam current densities of 1 A/cm 2
and higher, typical temperature rise times for the foil material will be approximately hundreds of
thousands of degrees Kelvin per second or more. Two possible methods for alleviating this
problem are active cooling and aerodynamic window technology. The latter will be workable
only for small apertures (of the order of 1 cm).
Heavy_ Particle Beams
Heavy particle beams such as alpha particles and protons have much smaller ranges in air than
e-beams at the same energy. However, the number of ion-electron pairs produced per unit path
length by heavy particles as a function of beam energy has not been determined. For this reason,
heavy particle beams cannot be ruled out as a means of ionization enhancement.
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Lasers
Lasers also appear to be potentially useful. Assuming the "seed" material is either an alkali
metal or nitrogen oxide, the required laser beam wavelength will be in the ultraviolet spectrum.
Excirner lasers appear to be good candidates for such applications.
Microwave Beams
For microwave energy to be a feasible method of enhancing ionization, it is necessary to roughly
match the absorption length to the physical dimension of the accelerator channel. For air at
standard conditions, beam frequencies of a few tens of GHz will penetrate to depths of 0.2 - 2
meters. In the case of an MHD channel operating at high pressures and high temperatures
(greater than 100 arm and 2,500 K), the required beam frequencies are in the range 1011 - 1012
H_z, which is well outside the microwave spectrum. Thus, microwaves are only good candidates
in the low-pressure regime. For pressures close to atmospheric, the feasibility of a continuous
wave microwave-sustained discharge in N2 and other gases has been demonstrated
experimentally by Micci. This experiment used a readily available microwave source operating
at 2.45 GHz.
4.3.2 Seed Studies
4.3.2.1 Carbon-60 and Other Fullerenes
Fullerenes are a recently discovered class of carbon molecules that have high molecular weight,
a high degree of structural symmetry, remarkable impact resilience, an even number of carbon
atoms, and unusual chemical properties (Refs. 132, 133, 134, 135). Fullerenes are the third form
of pure carbon; the other two pure forms are diamond and graphite. The best known and most
prevalent representative of this class is an isomer of carbon-60 called Buckminster Fullerene.
This molecule possesses symmetry similar to a geodesic sphere and is named for the architect
and scientist, Richard Buckminster Fuller (1895-1983), who first described the geodesic dome
structure. Typically, fullerene structures have 12 pentagons, with differing numbers of hexagons
and an even number of carbon atoms. The pentagons allow the curvature and eventual closure of
the surface upon itself. The second most prevalent fullerene is the C7o. The lighter C20 is widely
accepted as the smallest fullerene, and quantum mechanical calculations project fullerenes as
large as C600. Bucky tubes (hollow carbon tube-like fullerenes) and bucky-ortions, or concentric
spherical shells of carbon, have also been observed.
MSE has investigated the use of fullerenes as a seed to enhance the ionization characteristics of
MHD accelerators. The properties of fullerenes, which include their high mass, low ionization
potential, and extreme resilience, suggests these molecules could be an excellent source of ions
for ion thrusters (Refs. 136, 137, 138, 139). Fullerenes were proposed as a possible seed
material by MSE since seed materials for MHD accelerators require some of the same
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characteristicsasthosereportedfor fullerenesin theion thrusterapplication.For fullerenesto be
viableasanMHD seedmaterialinwind tunnelapplications,theymustbestableandnonreactive
in high temperature,high-pressureair,andmusthaveasufficientlylow ionizationpotentialthat
will provideadequate lectricalconductivityfor efficientandeffectiveMHD operation.
Thefirst ionizationpotentialof theC60moleculeis reportedto be7.61to 7.8eV. Thiscouldbe
marginallysatisfactoryfor MHD application.However,thisstudyfoundthatfullereneswould
decomposeandcombustin thehightemperatureair-operatingenvironmentof MHD
accelerators.Negativeion formationis anotherproblemin theMHD applicationasthefullerene
moleculeshaveanaffinity for electronattachment.
TheMSE studyon the use of fullerenes for this application is further reported in Appendix
Section C.1 and in The Properties, Behavior and Applications of Fullerene Molecules (Ref. 140).
4.3.2.2 Cesium, Rubidium, and Potassium Seed Materials
Traditionally, K2C03 has been the most commonly used seed material for gas-phase MHD
accelerators and generators. However, Cs and Rb each have lower ionization potential than K;
therefore, their use will result in higher performance for most MHD applications. Other factors
that require consideration (beyond the lower ionization potential) include the cost, availability,
handling properties, and safety.
Cesium has the lowest ionization potential (3.894 eV) and is the most electropositive and most
alkaline element. It is one of only three metals that are liquid at room temperature. Cesium
reacts explosively with cold water and the carbonate form can cause skin irritation. If inhaled,
CsO can be fatal. Canada is the major source of raw Cs ore; however, the market is very small
resulting in no active trading and no official market price. Although the current production rate
is low, the availability of Cs appears to be sufficient to support the operation of a major wind
tunnel facility at a reasonable cost.
Rubidium has an ionization potential of4.177 eV and is the second most electropositive and
alkaline element. Rubidium ignites spontaneously in air and reacts violently in water. Safety
issues for Rb are similar to those of Cs; the carbonate form causes skin irritation and the oxide
may be fatal if inhaled. Cost and availability factors of Rb mirror those for Cs resulting in it
having no official market price. MHD performance using Rb would be lower than with Cs due
to its low ionization potential, and since its cost and availability are essentially the same as for
Cs, Rb would be a poor choice for MHI) applications.
Potassium metal reacts vigorously with 02, water, and acids, and its toxicity characteristics are
similar to both Cs and Rb. Potassium has an ionization potential of 4.342 eV, which is lower
than either Cs or Rb. Thus, Cs and Rb would both perform better than K in most MHD
applications. However, K's availability is greater than the others since it is the seventh most
abundant metal in the world and is widely used in various industries. The world's potash
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industryispresentlyin a stateof overcapacityand has been subject to price supports and
operation at partial capacity to maintain prices.
A detailed discussion of these seed materials is contained in Appendix Section C.2 of this report.
4.3.2.3 Seed Study Conclusions
Although fullerenes may be promising for other MHD applications with a less harsh
environment, they are not practical for the high performance air accelerators needed for
hypervelocity propulsion testing applications. However, designer molecules are being developed
from fullerenes that may have characteristics that would allow them to be useful for MHD
accelerator applications. Thus, future studies may need to revisit fullerenes to assess their
viability in other applications.
Potassium's availability in large quantity and its low cost have typically made it the favored
choice for seeding in past MHD generator and accelerator experiments. For most applications,
and especially for commercial power generation, the small performance degradation that results
from using K rather than Cs is overshadowed by the higher cost of the Cs. However, for high
performance applications where small performance improvements can be significant, Cs would
be the better choice. Since Rb has lower performance than Cs, although its cost and availability
are similar, either K or Cs would be preferred.
4.3.3 Thermal Management of MHD Hypervelocity Accelerators
4.3.3.1 Overview
MHD accelerators for hypervelocity propulsion ground test facilities will operate in a very
challenging thermal environment due to the high stagnation pressure and temperature required.
Thus, a thermal management study is essential to identify the requirements for the MHD
accelerator walls and methods and materials that can be applied to alleviate the thermal
problems. A preliminary study was conducted under the MARIAH Program (Ref. 141), and the
results are summarized in this section and Appendix Section D. 1.
The primary objective of this work was a preliminary investigation of thermal management
issues for MUD hypervelocity accelerators. Initial literature review and relevant analyses
suggest the MHD-induced hypervelocity flow may produce recovery temperatures in the
boundary layer that approach 10,000 K. The objective includes the following: a) define the
thermal environment; b) identify possible materials that can be used in that environment, with or
without active cooling; and c) identify innovative methods of cooling (passive or active) that can
improve the thermal management for future, high performance MHD accelerator systems.
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4.3.3.2 MHD Accelerator Hyperveloci_ Flow High Temperature Environment
Aerodynamic heating in an MHD accelerator is produced from radiative and convective heat
transfer resulting from the high-velocity, high temperature ionized plasma. Although the
magnitude of the heating is primarily dependent on the plasma flow velocity, density, and
temperature, it can also depend on the channel geometry, the electrode insulator sidewall
materials, and the wall cooling method. The degree of ionization of the plasma and the presence
of metal ions and/or particles in the flow can also have a substantial effect on the rate of radiative
heat transfer to the walls. In a hypervelocity flow, the high-velocity gas contains a large amount
of kinetic energy, which when converted to thermal energy in the boundary layers results in very
high recover temperatures (approaching 10,000 K) that occur very close to the wall surface.
Electrical energy dissipation in the boundary layer and the electron and ion dynamics in the
electrode sheath layers can also increase the electrode heat rate considerably. Thus, the walls,
electrodes, and insulators exposed to the hypervelocity flow in MHD accelerators can experience
an extremely harsh thermal environment, and the performance and reliability of these devices
depend on the development of methods and materials to protect the exposed surfaces.
MHD accelerator research aimed at developing drivers for various aerospace testing applications
was very active in the 1960s (see MHD Accelerator Technology Background, Section 2). Two
otherwise similar programs, one in the United States and one in Russia, used very different
approaches to thermal management. An arc heater-driven MHD accelerator experimental
program known as LoRho was conducted at AEDC during the 1960s (Ref. 3) (see also Appendix
Section B. 1.3). Active cooling was used for the walls of this MHD accelerator as discussed
below. During this same period, Russian researchers at TsAGI developed an arc heater-driven
MHD accelerator of about the same scale as LoRho; however, this device used passive cooling
(heat sink) for thermal control (Ref. 142).
Three small POC accelerator channels were tested during the LoRho program with a K-seeded
N2 plasma at power levels up to 400 kW and power densities on the order of 1 MW/m 3. The
accelerator channel known as LoRho Accelerator B was 0.77 m long with entrance dimensions
of 2.54 cm by 2.98 cm and exit dimensions of 2.54 cm by 6.22 cm. This accelerator had 117
electrode pairs, but only the center 60 electrode pairs were powered. At the high power level,
centerline gas temperature exceeded 5,000 K, and the total heat transfer exceeded 200 kW or
approximately 50% of the applied power. Average heat flux to the walls was on the order of 2
MW/m 2. Typically, the centerline Mach number was in the neighborhood of 2 for these tests.
Electrodes were water-cooled, uncoated copper, and the sidewalls were water-cooled copper
coated with a plasma-sprayed BeO. Maximum current densities on the LoRho accelerator
electrodes approached 20 A/cm 2 for the high power tests.
The LoRho BeO insulation and copper electrodes reportedly survived very well in this
environment. No appreciable damage was noted after minutes of run time for normal operation.
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Several MHD accelerators have been built and tested at TsAGI. The TsAGI accelerators have
been actively used for aerospace testing applications since the 1960s. Typical accelerators were
55-70 cm in length with 40-45 electrodes. These accelerators operate with centerline Mach
numbers from 2 to 4 and centerline gas temperatures from 4,000 to 5,000 K. No active cooling
is provided for these channels, thus they operate in a heat sink mode for run times on the order of
10 seconds or less with high heat fluxes of 10-50 MW/m 2. Channels are commonly operated at
maximum currents of 55 A and Faraday voltages in the range 200-400 V, with total input power
to the accelerator in the range 0.5 to 1.0 MW.
Typical electrode-insulator lifetimes are in the range of 5 to 10 seconds, and the most common
failure mode is erosion of the interelectrode insulators along the anode wall.
These are small and low-power accelerators compared to the devices that will be needed for the
next generation of full-scale, hypervelocity propulsion wind tunnel facilities. Preliminary
analyses discussed in Appendix Section B. 1 of this report indicate that seeded MHD accelerator
designs for full-scale, hypervelocity propulsion test facilities would have dimensions on the
order of a %- to 1-m-square cross-section and 2 to 7 meters long. Applied electrical power for
these accelerators may be on the order of 1 to 10 GW with wall heat losses of 0.5 to 1 GW. The
thermal management problems for these accelerators will be enormous compared to the MHD
accelerators of the 1960s. New materials for electrodes, insulators, and sidewalls, as well as
sophisticated new methods for active cooling and thermal recycling (effective use of the thermal
energy removed from the device) will need to be developed to enable these devices to perform to
the required level.
4.3.3.3 Thermal Protection Systems
Some general methods for protecting the electrodes and walls of MHD accelerator channels from
the harsh thermal environment will be briefly discussed in this section. There are two broad
types of thermal protection systems: a) systems based on heat dissipation (active and radiative
cooling) and b) systems based on heat absorption (passive cooling or heat sink).
Active cooling systems that have been used in many MHD accelerator and generator devices
since the 1960s are one of the best examples of heat dissipation systems. In these systems, water
or another cooling fluid is circulated through passages to transfer heat by convection from the
hot exposed surfaces in the MHD device. The cooling fluid then transfers the heat to a low
temperature system away from the MHD system. These systems are generally very effective but
have disadvantages in their complexity and the loss of efficiency of the device being cooled.
Since the objective of MHD acceleration is to increase the stagnation enthalpy of the working
fluid, cooling the fluid is counter productive but most often necessary to protect the device.
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Another form of heat dissipation would be radiation from the surfaces to be cooled. This is
effectively used in many applications but may not be possible in the MHD accelerator
environment due to the high temperature core flow.
Heat absorption methods can be either intrinsic or extrinsic. Intrinsic methods use the material
that is exposed to the high temperature environment (walls, electrodes, nozzle, etc.) to absorb the
heat and store the energy (heat sink) or remove the heat by ablation. Extrinsic methods transfer
the heat to another medium and include such methods as transpiration and film cooling.
Heat sink methods can be used when the exposure times are short and the thermal capacity of the
heat sink material is sufficient to prevent an excessive rise in the material temperature. This
method may not be practical for T & E facilities, where long nm times will be necessary and
high facility productivity is desirable. Various forms of sacrificial (ablative) electrodes have
been considered for MI-ID applications. This method can theoretically provide a solution to both
the electrode heat transfer problem and electrode arc erosion; however, there are practical
problems and disadvantages that must be overcome.
Transpiration cooling methods remove heat by vaporization of a coolant at the surface to be
protected. Liquid coolant is pumped through porous surfaces into the slow moving flow along
the wall; it is then heated and vaporized as it absorbs the heat from the flow before the heat
reaches the wall surface. Film cooling is a closely related method in which a liquid film is
introduced and allowed to flow over the area being protected. Transpiration and film cooling
methods may be suitable for MHD accelerator applications if an appropriate cooling fluid is used
that will both provide the necessary cooling and not detrimentally contaminate the flow. These
methods are discussed further in Appendix Section D. 1.
4.3.3.4 Search for a Suitable Material
One of the most demanding tasks in the development of an advanced, high-performance,
hypervelocity MHD accelerator will be that of finding suitable materials, suitable cooling
methods, or a combination of both to manage the extremely harsh thermal environment of these
devices. The availability of suitable materials and cooling methods will be a significant factor in
the feasibility of MI-ID accelerators for this application. The extreme thermal environment
demands the exploration of state-of-the-art materials and methods. One candidate material for
possible use in MHD accelerator sidewalls, if coupled with an appropriate cooling system, is
discussed below. Other materials that should be investigated further for this application are also
identified.
Hypervelocity vehicles and reentering vehicles experience boundary layer temperatures in about
the same range as expected for the proposed MHD accelerator. These vehicles undergo a large
range of heating conditions during the excursion through the atmosphere. As such, much
research has been done for the design of reusable thermal protection systems (TPS) for these
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vehicles. A typical TPS is composed of a combination of high temperature reusable materials
and ablative materials and can involve active cooling systems as well.
The Space Shuttle is an example of a successful application of a reusable TPS. Anderson reports
that when the Space Shuttle reenters the earth's atmosphere at Math 25, it experiences a
boundary layer temperature behind the shock wave of about 8,000 K ('Ref. 143). Thus, Space
Shuttle tiles, especially at the nose region, experience very high boundary layer temperature yet
are reused without much damage and replacement. This is due in part to the reradiation of
energy from the tile surface to the cooler environment beyond the Shuttle's hypersonic flow. In
fact, the Space Shuttle tiles release most of the heat they receive from the boundary layer back to
the atmosphere by reflection and reradiation, thereby keeping the surface temperature to a value
in the neighborhood of 2,000 K.
Although the boundary layer temperature of Space Shuttles at reentry and the boundary layer
temperature of the proposed MI-ID accelerator are expected to be in approximately the same
range, the two surfaces may experience two very different heat transfer mechanisms. In the case
of MHD channels, reradiation of energy from the surface might occur; yet, it would require
much higher surface temperature since even the core flow will have a temperature in excess of
3,000 K. However, Shuttle tile material or its derivatives may be useful in MHD accelerators if
these can be supplemented with other forms of cooling. For this reason, a brief overview of the
Shuttle tile material, its fabrication, and its thermal and mechanical properties is included in
Appendix Section D. 1.
Space Shuttle tiles are made from a material called carbon-carbon composite, also known as
reinforced carbon-carbon (RCC) material. Since the mid-1960s, RCC began replacing free-
grained graphite as nose tips in rockets because they represented significant improvement in
thermoshock and erosion behaviors. The RCC structure is composed of a carbonaceous or
graphitic matrix, which in turn is reinforced by carbon and graphite. This material has most of
the desirable properties of monolithic graphite, but in addition, it has the high strength and
versatility of a composite material. Additionally, this material has some unusual combination of
properties including high temperature resistance, low thermal stress due to low thermal
expansion, retention of properties at elevated temperature, high strength, high stiffness, and
chemical inertness. These properties are of special interest for specialized high temperature
applications like aeronautical, space, missile, propulsion, chemical, and nuclear fields, and may
be of interest for MHD applications.
Carbon-carbon composite is a generic term that refers to a class of materials composed of carbon
(or graphite) fibers with carbon (or graphite) matrix. A further discussion of the Space Shuttle
material, carbon-carbon composite material, and other advanced materials that may be useful for
thermal management are discussed in Appendix Section D. 1.
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4.3.3.5 Thermal Management Conclusions
A preliminary review of thermal management methods and materials that may be applied to
MI-ID accelerators for producing hypervelocity flow conditions was performed as a task in the
MARIAH Project. This review is summarized in this section and reported in Appendix Section
D. 1. Heat exchange mechanisms were explored, and also different thermal protection systems
for surfaces exposed to very high temperature were investigated. It was concluded that to
withstand the severe thermal environment in an MHD channel, the electrodes and the channel
walls must use state-of-the-art materials coupled with a suitable cooling method. Several cooling
methods in this regard were discussed. In search of a suitable material, important information
about a state-of-the-art material used as the heat shield in Space Shuttles was discussed in detail.
Guidelines and information on other possible materials are also given in the report.
Space Shuttle tile material was explored in some detail because of its unique physical and
mechanical properties. This material has anisotropic properties and can withstand considerably
high temperatures without losing its structural integrity. It has high thermal and electrical
conductivities in one direction of the fibers and low values of the conductivities in the other
direction. Oxidation of this material can be avoided at elevated temperatures with an appropriate
and already known coating. However, due to the possibility of a higher surface temperature of
the MHD channel walls than the surface temperature of a Space Shuttle, additional cooling
mechanisms will definitely be required to keep the temperature to an acceptable level.
Development of a thermal management system to be used in the harsh environment of an MHD
accelerator, including selection of appropriate materials for the walls and electrodes, is a very
challenging problem. Numerical modeling can help define the thermal environment and the
response of advanced materials and cooling systems when used in this application.
4.4 MARIAH II CONCEPT
The MARIAH Project was undertaken for the purpose of conducting studies into the feasibility of
using MHD accelerators to produce true air simulation for hypervelocity propulsion in ground
testing facilities. The MARIAH II concept is an outgrowth of that effort and is based upon MHD
augmentation of UHP drivers with radiative energy addition. The RDHWT concept is a hybrid
theory that employs the UHP technology with beamed energy addition in a supersonic expansion
following a nozzle. The MARIAH II concept is also a hybrid that has the RDHWT as the primary
driver and MHD as a second-stage driver.
Results of a preliminary study into the benefits of this hybrid technology are summarized in this
section and reported in further detail in Appendix F and Reference 23. The primary issues
addressed are: the overall conversion efficiencies; potential advantages of the MARIAH II
scheme compared with the stand-alone RDHWT; the optimal range of parameters (pressure,
temperature, velocity) for the MHD channel operation in the overall MARIA/-/II scheme; the
requirements on electric and magnetic fields as well as an ionizer; and the required plenum
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conditionsfor the first stage. The key technical issues are identified, and some recommendations
for an R&D program to further demonstrate the feasibility of the MARIAH II scheme are given.
4.4.1 Overview
The problem of duplicating (in a ground test facility) the high enthalpy, high dynamic pressure,
high Mach number regime characteristic of hypervelocity flight has been a challenge to airframe
and engine designers for the past 40 years. In continuous flow testing (i.e., simulations that last
several seconds or more), the primary means of generating such flows has been the arc heater.
While arc-heater technology has progressed significantly in the last two decades, it continues to
be limited to operation at reservoir pressures below 150 arm. Arc heaters also suffer from high
entropy values at their exit due to the addition of energy completely by Joule dissipation. This
fact, coupled with a reasonably well-defined hypersonic flight envelope, imposes second law
limitations on the amount by which the total enthalpy can be increased without crossing the
targeted flight envelope. These fundamental limitations have prompted researchers to search for
alternatives to arc-heater technology.
In the recent past, both MHD and UHP drivers with downstream radiative energy addition have
been proposed as alternatives for augmenting the total enthalpy of air (Refs. 2, 14, 17, 25, 28,
126, 127, 144, 145) While MHD accelerators have been applied in the past to arc heated flows,
they are not intrinsically limited to such flows. The UHP drivers with radiative energy addition
RDHWT have been described in some detail in References 144-126, while MHD augmentation
of airflows has been described in References 2, 14, 17, 25, 28, and 127. Each of these
technologies has limitations associated with both hardware and fundamental physics. Second
law limitations (specifically, limitations due to Joule dissipation or the therrnalization of beamed
energy) are common to both technologies. However, each offers unique advantages when
compared to arc heaters. For the RDI-IWT scheme, the proposed resolution of the entropy
problem is to start the process at very low entropy levels by pressurizing the gas in a reservoir to
20,000 alan or more while maintaining temperature at modest levels (below 1,500 K, for
instance). For the MHD concept, the problem of Joule heating is mitigated in some sense by the
push work done on the gas by the MHD body forces. The latter contribution adds no entropy to
the flow, and this fact constitutes the primary argument for MHD over other energy addition
methods.
In this section, the MARIAH II concept, which would employ the UHP technology with beamed
energy addition as the primary driver and MI-ID as a second-stage driver is investigated. The
primary issues that are addressed below include: a) overall conversion efficiencies; b) potential
advantages of the MARIAH II scheme compared with the stand-alone RDHWT; c) the optimal
range of parameters (pressure, temperature, velocity) for the MHD channel operation in the
overall hybrid scheme; d) the requirements on electric and magnetic fields on an ionizer; and e)
required plenum conditions for the first stage. The key technical issues are identified and some
recommendations are given for an R&D program to further demonstrate the feasibility of the
MARIAH II scheme.
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4.4.2 Basis for the MARIAH II Concept
Figure 4- 63 is a Mollier diagram showing total enthalpy and entropy corresponding to post-
bowshock conditions experienced by a hypersonic aircraft at various flight altitudes. As the
diagram shows, to duplicate these conditions in a ground test facility will require the total
enthalpy of the gas to be increased from ambient levels to tens of millions joules per kg.
The limiting envelope for arc-heater operation (Ref. 2) is also shown on Figure 4- 63. Arc
heaters have been the primary means of creating high enthalpy continuous flows for hypersonic
testing for the past 30 years. These devices operate at relatively low plenum pressure (below 150
arm) and high temperature and rely on a complete conversion of electrical power to heat by way
of Joule dissipation. This results in very high entropy levels at the heater exit. While the total
enthalpy is limited only by the amount of added electrical power, the thermodynamic end point is
typically too far to the right on the H-S diagram, as can be seen in Figure 4- 63. The overall
result is the test section pressures and/or Mach numbers are lower than those corresponding to
in-flight, post-bowshock conditions.
This situation has prompted researchers to investigate alternative technologies for simulating
hypervelocity flight. One such alternative is the UHP gas piston driver. This technology,
originally developed in Russia, relies on the creation of a reservoir of extremely high-pressure
gas that is subsequently released through a narrow throat into a downstream expansion region
(Refs. 146, 147, 148, 149). Experience with this technology in both Russia and the U.S.
indicates that reservoir pressures of 20,000 atm are attainable. The advantage of using such
high-plenum pressures to drive a high-speed flow is the low entropy that results since the entropy
scales as the logarithm of the inverse of the reservoir pressure.
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Figure 4- 63. Hypersonic test facility performance requirements in terms of entropy, total
enthalpy, and dynamic pressure.
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High-plenumpressuresthuscorrespondto greatlyreducedstarting entropy levels in comparison
to arc heaters. The RDHWT concept (Refs. 126, 144, 145) combines the UHP driver with
beamed energy addition in the form of laser, microwave, or relativistic electrons to significantly
improve its performance and broaden its capabilities. A key element of the RDHWT concept is
that the beamed energy is added to the expanding supersonic flow downstream of the throat.
This provides a large increase in the total enthalpy while at the same time greatly reducing the
maximum static temperatures attained when compared to more conventional technologies. This
in turn alleviates the materials problems downstream of the nozzle throat. The overall
thermodynamic process of such a device is illustrated in Figure 4- 64, which shows a
representative path on the Mollier diagram.
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Figure 4- 64. MoUier diagram for air, showing typical process paths for the RDHWT (Ref.
145). The baseline Case 3 is the line ABCDE.
The other driver technology to be considered is MHD. It should be emphasized that the
important feature that differentiates MHD energy addition from energy addition by means of an
arc heater or beamed energy is an MHD accelerator adds a significant fraction of the input
electric power as push work, which does not contribute to an entropy increase. The fraction of
energy that is added as push work is referred to as the conversion efficiency, r I. Therefore, the
quantity (1 - rl) is the fraction of input power added through Joule dissipation. Since an arc
heater adds all of its energy through Joule dissipation, the MHD conversion efficiency is
obviously zero.
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The MHD energy conversion efficiency (11) can be defined as the ratio of the push work (<jyuB>)
to the total electric power per unit volume applied to the accelerator (<j. E>):
< jy uB >
1] = < jyEy + j,,E x > (4- 18)
Where the brackets < > denote an average across the duct, jy andjx are the transverse and axial
current densities, u is the flow velocity, B is the applied magnetic field, and Ey and E,, are the
transverse and axial electric fields.
For a Faraday accelerator, the streamwise or axial currentjx, is zero, and with the aid of the
Ohm's law relationships (see Ref. 150), the conversion efficiency can be reduced to:
r ! = 1/K (4- 19)
Where the Faraday load factor K, is defined as:
<Ey >
K - (4- 20)
<uB>
(see Appendix F for further details.)
It is apparent from Equation (4- 19) that Kmust be close to unity for high efficiency. Of course,
ifK = 1, then the transverse current density will be zero and there will be no push work (jyuB =
0). In fact, there will be no power applied to the accelerator. Thus, for any real MHD
accelerator, the load factor must be greater than unity and the conversion efficiency must be less
than unity. In practice, the channel length required to increase the enthalpy by a specified
quantity will be found to be dependent on the load factor, and load factors too close to unity will
result in very long channels.
Then, ifL_a¢ is the length of MI-ID duct required to increase the total enthalpy by an amount zSJ-/,
it can be shown this can be approximated by:
rh z_r-/
L_ = (K(K-1)cr u 2 B z A)-(qw Pc;,) (4- 21)
where qw is the heat flux to the walls, m is the mass flow rate, Pch(x) is the channel perimeter,
and A(x) is the channel cross-section. Viscous dissipation has been neglected. If heat transfer is
neglected, this expression indicates that a value of K equal to 1 results in an infinite channel
length. This also suggests that for minimum channel length, the accelerator should be operated
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atthemaximumpossibleloadfactor. However,asnotedabove,this corresponds to maximum
Joule dissipation and low conversion efficiency. In practice, values of K in the range 1.1 to 3
may represent a reasonable compromise between achieving a workable duct length and
minimizing Joule dissipation.
As Equation (4- 21) shows, to increase the MHD efficiency (i.e., to make K close to 1) and to
restrict the channel length (L) for minimizing boundary layer effects, the value of the term
ueB emust be high. Of course, overly strong magnetic fields and low densities may result in
very large Hall parameters (Refs. 17, 150), which would be undesirable. One of the benefits of
combining RDHWT with MHD is the potential for RDHWT to produce much higher gas
velocities at the MHD duct entrance than those created by conventional arc heaters. Creating the
high values of electrical conductivity required for efficient MHD operation presents a great
challenge, especially at high densities and/or low temperatures. However, the beamed energy
addition for the RDHWT may assist with this by creating and sustaining nonequilibrium
ionization.
Potential advantages of the MARIAH II scheme can be better understood by looking at basic
thermodynamic constraints imposed on the RDHWT performance envelope. Certainly, RDHWT
modeling performed in References 126, 144, and 145 has demonstrated that the UHP driver
combined with laser, microwave, or e-beam heating of the dense supersonic stream is potentially
capable of achieving Mach numbers of 12 and above at high dynamic pressure with long run
times and relatively low contamination of the flow. However, the concept still has inherent
limitations dictated by the second law of thermodynamics.
An acceptable entropy increase (As) for an RDHWT driver is limited since the final entropy is
set by the required test section conditions while the minimal initial entropy is essentially defined
by the incompressibility of high-density fluids (RDHWT operates close to that limit). The
enthalpy that can be added to the flow by heating (to be then converted into kinetic energy
through expansion) is obviously related to the average temperature (Ta) at which the heat is
added and to the entropy increase (As) by the second law:
zk/-/= T,,zM (4- 22)
Despite the fact it is thermodynamically advantageous to operate at high temperatures, the
average temperature (Ta) cannot be very high because of the need to minimize air dissociation
and wall erosion.
Using MHD acceleration in the RDHWT expansion nozzle could improve the performance,
thereby increasing Mach number and/or dynamic pressure in the test section. This is due to the
fact that at least a part of the energy addition in the MI-ID channel is in the form of push work,
which directly increases the kinetic energy of the flow without generation of entropy. As can be
easily shown, the total enthalpy that can be added in the MHD channel for a given entropy
change depends on the loading parameter K (Ref. 17):
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K
AH = _-T, As (4- 23)
K-1
Thus, ifa sufficiently high value of the conductivity can be created, then the MHD channel can
operate with a value of K close to 1, and a significant augmentation of flow enthalpy, test section
Math number, and pressure could be expected.
Several advantages can be realized using the RDHWT concept as a first-stage driver to provide
the entrance conditions for the MHD channel. Indeed, the RDHWT is very flexible (Refs. 126,
144), and by varying UHP pressure and temperature, supersonic nozzle geometry, and the
heating power, a wide range of conditions can be reached at the MHD channel entrance. For
example, velocity and Math number at the MHD channel entrance can be high with a moderate
gas pressure. Furthermore, preionization of air, when high-energy e-beams are used as an energy
source for the RDHWT, can be an additional advantage for the MHD. A preliminary analysis
presented in Appendix F indicates this combination could be advantageous for MHD
augmentation and compares favorably with the conventional arc heater, which is limited to lower
pressure operation. This version of a MARIAH II wind tunnel facility is shown schematically in
Figure 4- 65.
Hypersonic Wind Tunnel with E-beam Heating and MHD Acceleration
Mach 14, 3.0-m Exit Diameter
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Figure 4- 65. A schematic picture of a MARIAH H wind tunnel Relativistic e-beams focused
by solenoidal magnets add energy to air at high pressures, followed by acceleration in an
MHD duct at low pressures.
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4.4.3 Two Regimes of MHD Channel Operation
Efficient operation of an MHD accelerator requires high values of the electrical conductivity (or)
as discussed in the previous section. However, simulation of high Mach number, high dynamic
pressure conditions in the test section requires low entropy, which in turn requires high pressure
and/or low temperature in the MHD channel. For conventional MHD operation (even with K or
Cs seed), the temperature in the channel must be on the order of 3,000 K, which results in MHD
channel static pressures on the order of tens to hundreds of atmospheres, depending on the flight
conditions to be simulated. Sufficiently high electrical conductivity is extremely difficult to
achieve under these conditions.
Therefore, two "unconventional" modes of MHD acceleration have been suggested: a) high-
pressure operation with highly nonuniform ionization; and b) low-pressure, low temperature
operation with an external ionization source.
4.4.3.1 MIlD Acceleration at Hiph Pressure: A Guided Arc ConceDt
In this regime, the flow exiting the UHP driver will be directly passed into an MHD channel.
The pressure in this channel would be high, on the order of a few hundred atmospheres, and the
temperature, although high, is below that needed for conventional MHD operation. Thus, the
flow will have to be ionized and the discharge stabilized to develop MHD augmentation. Since it
is all but impossible to get a uniformly high conductivity at these conditions, a possible approach
may be a guided arc accelerator.
In this case, a bright arc would be initiated across the channel along a line defined by either a
laser or an e-beam. This arc will be sustained by two thin linear electrodes on each side of the
flow extending in the flow direction. In the absence of a magnetic field, the arc will propagate
downstream and move along the electrodes to the end of the channel. It has been shown by
Topchiyan et al. (Refs. 146, 147) that such arcs can be initiated and maintain their integrity as
they move downstream in high-pressure hypersonic flows. In the presence of a magnetic field,
the arc will be accelerated due to the high electric current and will serve as a fluid accelerator.
A single arc will not suffice to accelerate the entire flow. An interesting possibility would be to
examine initiating an array of arcs as a flow driver, each with its own pair of linear electrodes.
The spatial separation between these arcs should be small enough to generate uniform flow
acceleration but large enough to minimize magnetic interaction between them. With axial
segmentation of the electrodes, arcs could be passed from one pair of electrodes to the next as the
flow moves downstream, and a new set of arcs could be initiated.
Thus, a rapid-fire sequence of arcs can be formed to more effectively drive the flow and to
minimize flow nonuniformity. The approach will create fundamentally nonuniform air and the
implications of this must be studied. With a high enough repetition rate and a close enough
separation, this nonuniformity may hopefully thermalize before the air enters the test section.
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Thehighpressurealsoenhancestherecombinationrateof electricchargesandnonequilibrium
species,therebyhelpingto minimizeNO andozoneformation.
Thehightemperaturein thearcallowstheelectricalconductivityto besustainedandenhances
the A/-//t_s ratio. Of course, there will be additional entropy generated by the arc moving
through the air, which also has to be evaluated to determine the actual work-to-heat ratio. These
issues need to be addressed in future research.
4.4.3.2 MHD Acceleration at Low Pressure and Temperature with E-Beam Ionization
Because of difficulties of sustaining high uniform conductivity at high densities, it would be
advantageous if an acceptable MIlD channel performance at low densities could be
demonstrated. Again, the second law imposes an important constraint here. The entropy at the
channel entrance has to be significantly less than the required entropy at the test section. Since
entropy increases with temperature and decreases with pressure, low pressures in the channel
would all but preclude operation at high temperatures. This, in turn, creates two difficult
problems.
First, low temperatures mean only a small amount of enthalpy can be added in the form of heat
(TAs). According to Equation (4- 23), this must be compensated by the loading parameter K
(close to 1) so almost all of the enthalpy is added directly as kinetic energy.
Secondly, the low temperature operation of the MHD channel requires adequate conductivity be
created by means other than conventional thermal ionization. Because the requirement K_ 1
restricts the maximum value of the electric field (E), the effective field (E - uB) in the channel
will be small and incapable of sustaining the discharge. This leaves only an external ionization
source as a method of creating the conductivity. Specifically, beams of high-energy electrons
could be used for the ionization of the gas.
The MAR/AH II tunnel in this scenario would have an UHP front end. After expansion to
supersonic velocity, air will be heated using lasers, microwaves, or relativistic e-beams, and its
velocity increased while still at very high pressure (from thousands of atmospheres down to
about 1,000 or perhaps several hundred atmospheres). The air will then be isentropically
expanded to low pressure (on the order 0.1 arm) and low temperature (perhaps about 300 K).
Further acceleration will be provided by the MHD channel, perhaps in the form of a Faraday
accelerator with ionization sustained by high-energy e-beams injected parallel to the magnetic
field. The entropy at the channel exit should match the test section entropy so the gas can reach
the required conditions by isentropic expansion after the MHD channel. Figure 4- 65 is a
schematic diagram of such a wind tunnel, and Figure 4- 66 shows a representative
thermodynamic path of air in the tunnel.
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Figure 4- 66. Thermodynamic path (ABCDEFG) of the example case of a MARIAH II type
facility. A - ultrahigh pressure plenum; AB, DE, FG - isentropic expansion regions; BCD -
heating by beamed energy sources; EF- low-pressure MHD accelerator; G- test section.
4.4.3.3 MARIAH II Concept Conclusions
The preliminary analysis performed in Appendix F and summarized in this section shows a flow
train consisting of a UHP driver, beamed energy heating, and an MHD accelerator offers
interesting possibilities for future high dynamic pressure, long run time hypervelocity wind
tunnels. The MARIAH II scheme draws upon the strengths of each of the components and
benefits fi'om their synergism. The UI-IP driver, with RDHWT, adds a large amount of enthalpy
to air when the density is high and entropy is low. This relaxes requirements on MHD
performance and creates favorable gas conditions in the MHD channel. Conversely, MIlD
acceleration is capable, in principle, of significantly extending the performance envelope (Math
number, dynamic pressure, etc.) of the RDHWT.
Two MARIAH H type facility concepts were suggested. One is the guided arc concept, which at
this time is in the early, qualitative stage. Some of the principal issues to be addressed in future
experimental and theoretical developments of the concept are:
1. How multiple arcs can be controlled and stabilized by lasers or e-beams and
accelerated in crossed electric and magnetic fields.
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4.
How effective a moving region of hot gas can be in imparting momentum to the bulk
flow.
The level of efficiency this scheme can achieve in terms of entropy generation.
Whether the resulting flow nonuniformity and chemistry inside arcs can produce
acceptable flow quality for test facilities.
The other MARIAH II concept relies on using an MHD duct as an "afterburner," augmenting the
energy addition of the RDHWT. In this scheme, MHD would operate at low pressure and
temperature with ionization created by beams of energetic (30 - 60 keV) electrons. Simple
analysis and estimates performed (see Appendix F) show such a scheme might significantly
augment the Mach number and dynamic pressure as compared with the pure beamed energy,
RDHWT case. It may also be possible to significantly reduce the ultrahigh pressure in the
plenum, thus helping to scale the facility to larger volumes and longer run times. Among many
issues to be resolved in the development of this concept are:
coupling of ionizing e-beams into the duct where strong magnetic and electric fields are
present;
control of gas flow and ionization processes in the boundary layer (in conjunction with
designing a system of segmented electrodes to avoid breakdown and short-circuiting due
to high electric fields in the slow-moving gas near the electrodes); and
chemical quality of the flow subjected to the flux of energetic electrons.
Other issues related to ultrahigh-pressure drivers and beamed energy addition must be addressed
in the development of the MARIAH II concept. Scaling of the UHP drivers to very large
volumes and long run times, survivability of throat materials, selection of energy sources (lasers,
microwaves, or e-beams), and their coupling to dense supersonic flow are among those critical
issues. A multidisciplinary effort aimed at resolution of the technical issues could result in
development of the new advanced concept of hypervelocity test facilities.
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5. CONCLUSIONS AND RECOMMENDATIONS
Three distinct MHD accelerator concepts have been addressed during the MARIAH Project. The
first (and most extensively evaluated) is the equilibrium, seeded MHD accelerator augmenting
advanced, high-pressure arc heaters. Cesium was used exclusively as the seed material for these
analyses. Other seed materials were reviewed, including fullerenes, a high molecular weight
form of carbon. Fullerenes were found to be impractical for seeding high temperature air since
they would decompose at the high temperature and the carbon would combine with 02 in the air
environment (see Appendix Section C. 1). Other alkali metal species were considered (K and Rb)
but were rejected in favor of the higher performance available from the low ionization potential
of Cs (see Appendix Section C.2).
The effect of seed contamination on hypervelocity propulsion testing has been a concern of
researchers. Two studies were conducted to assess the effects of seed on combustion in
supersonic flow. These studies concluded that if scramjet combustion is mixing limited (as most
researchers believe it is), then the small effects the MHD seed material will have on the
combustion kinetics will be negligible (see Appendix Section C.3 and Appendix E).
Unseeded MHD accelerator concepts have been evaluated by MSE in previous studies and were
the original basis for initiation of the MARIAH Project. The analytical studies conducted by
OSU also addressed the unseeded accelerator concept. The results and conclusions of the
unseeded studies are discussed in this section. Unseeded MHD has the potential to produce test
conditions in a limited range ofhypervelocity propulsion test regimes and can produce clean,
true air chemistry for those conditions.
Finally, the third concept to be addressed is the use of a UHP driver with beamed energy addition
to provide suitable conditions for an MHD accelerator. The accelerator thus augments the
energy addition to produce the desired test section conditions. The MARIAH II concept is
discussed in Appendix F and is summarized in Section 4.1.4.5. Conclusions and
recommendations relative to this concept are discussed in Section 5.1.3.
Following these MHD technology conclusions, open issues that should be addressed in future
research are discussed in Section 5.2 and are divided into a discussion of the technology
deficiencies identified during the MARIAH Project in Section 5.2.1 and the currently unresolved
issues in Section 5.2.2. Finally, recommendations for future research are provided in
Section 5.3.
MHD accelerator technology has been evaluated to determine if it can produce the high-
stagnation enthalpy, high dynamic pressure conditions necessary for large-scale ground testing of
air-breathing hypersonic propulsion engines at hypervelocity free-jet conditions. This research
has been conducted under the NASA MARIAH Project. The objectives of the MARIAH Project
were to investigate the feasibility of MHD augmentation of other hypersonic wind tunnel driver
technologies to provide the high Mach number, low entropy test conditions required for a
hypervelocity T&E facility. Specifically, NASA provided a target test condition for comparison
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againstpredictedMHD acceleratorcapabilities.ThisT&E facility shouldproducetest
conditionsequivalento thepost-bowshockconditionsfor a 5° deflection angle at a flight Mach
number of 16 and a flight dynamic pressure of 2,000 lbf/ft 2.
5.1 MHD TECHNOLOGY CONCLUSIONS
Conclusions from the evaluation of three MHD accelerator concepts are addressed in this
section. Primary emphasis in the MARIAH Project has been on assessing the capabilities of Cs-
seeded MHD accelerators augmenting high-pressure arc heaters. Conclusions of the Cs-seeded
MHD studies are discussed in Section 5.1.1. Results from analytical evaluations of unseeded,
nonequilibrium MHD accelerators used to augment arc heater test conditions are given in
Section 5.1.2. Finally, the assessment of MHD used in the MARIAH II arrangement with a UHP
driver and beamed energy addition is provided in Section 5.1.3.
5.1.1 Cesium-Seeded MHD Augmentation of Advanced Arc Heaters
Several analytical studies were conducted evaluating the performance of seeded MHD
accelerators augmenting advanced arc heaters. MHD parametric and optimization studies were
conducted and reported in Appendix Sections B. 1.4 and B. 1.5, respectively, and summarized in
Section 4.1.1. Advanced arc heater and high field strength magnet technologies projected to be
available in the 15- to 20-year development time for a major test facility were used in these
analyses. Relatively conventional, linear, segmented Faraday MHD channel technology was
assumed.
Cesium seeding, at a 1.0-molar percent level, was used for all of the analyses conducted with the
MSE ACCEL 1-D MHD code. Cesium has the lowest ionization potential and produces the
highest level of electrical conductivity of available seed species. An evaluation of the cost and
availability of Cs (see Appendix Section C.2) indicated it would be available in the quantities
required for a major facility but would be a significantly higher cost seed than K. There were no
factors indicated in this study that would preclude the use of Cs; yet, selection of a practical seed
based on performance, cost, and availability tradeoffs should be conducted in a facility design
study at the appropriate time.
Magnets with field strengths of 15, 24, and 30 T were evaluated in this study. Magnetic field
strength had the most pronounced effect of any parameter evaluated. Today, 6-T
superconducting magnets are available, and 8-T magnets could probably be developed using
present technology. Magnets having 10- to 12-T fields are projected for near-term development,
and 15-T magnets could be available in the 15- to 20-year time frame. At present, 24- and 30-T
magnet development cannot be projected in the foreseeable future. Analyses at these field values
have been included to provide a basis for recommendations on future technology development.
Cesium-seeded MHD, augmenting advanced 200-arm arc heaters, were not capable of producing
test conditions to simulate the NASA specified flight condition. High-pressure operation of the
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MHD acceleratorchannelcontributedsignificantlyto theperformancedifficultiesencountered.
Pressuresin theMHD channelrangedfrom about10atrnto 80or 90atm,dependingonother
conditionsin thesimulation. Thehighpressurecontributedto alargeincreasein entropyby
severalmechanisms.First,highchannelpressuresresultedin low valuesof electrical
conductivity. A studyof ionizationandelectronattachmentfor Cs-seededair (seeAppendix
SectionC.4)indicatedthatbothareducedionizationfractionandanincreasedelectron
attachmento 02 speciesatthehighpressurewerethereasons.Experimentalinvestigationsat
theUTA confirmedtheequilibriumelectricalconductivityreductiondueto electronattachment
(see Appendix Section A. 1). Low values of electrical conductivity cause large entropy increases
because of the increased Joule heating. High pressure also caused higher wall heat losses,
resulting in longer channels to reach the desired enthalpy level and, thus, higher entropy
production due to wall friction losses.
Thus, for the NASA-specified, Mach 16 flight condition, entropy was always too high in the
MHD simulations. Higher entropy conditions correspond to lower dynamic pressure flight
conditions at higher altitude. For example, the NASA specification for a flight dynamic pressure
of 2,000 lbf/ft 2 corresponds to a flight altitude of 35.3 kin. With a 200-atm arc heater and a
magnetic field of 15 T, an MHD accelerator was capable of producing post-bowshock conditions
equivalent to Math 16 flight with a dynamic pressure of 710 lbf/ft _, which corresponds to an
altitude of 42.8 kin. In using a 30-T magnet (which is beyond presently foreseeable technology
capabilities), MHD could simulate flight at a dynamic pressure of 1,200 lbf/ft 2 and Math 16,
corresponding to post-bowshock conditions at 39-kin altitude.
At low pressures, Hall parameter (electron mobility times magnetic field strength) can grow to
large values and cause ionizational instabilities in the plasma that cause a reduction in
performance. But, at the high pressure required for the attempts at simulation of the NASA
condition, Hall parameter was within reasonable bounds and would not present any problems to
the MJ-tD performance, even at the 30-T magnetic field.
Although arc-heater driven MHD was unable to reach the required NASA flight conditions, these
devices clearly produced simulations of flight conditions that cannot be obtained using other
technologies. For example, with a 15-T magnetic field, MHD could simulate Mach 16 flee-
stream conditions at a flight dynamic pressure of 500 lbf/ft 2 and MI-ID-produced conditions that
were significantly lower in entropy (higher pressure) than required for combustor inlet conditions
for all Math numbers evaluated (up to 20, although the data easily extrapolates beyond this).
A few simulations were conducted using MHD starting conditions equivalent to lower pressure,
lower enthalpy arc-heater exit conditions. These did not produce significantly different solutions
to those of the baseline 200-arm arc heaters. Thus, it is concluded that higher pressure arc
heaters could enable only marginally higher MHD performance. At the high pressure required
for producing the high dynamic flight pressure and the high Mach number conditions specified
by NASA, developments in magnet technology that lead to higher field strength provided far
more benefits than increases in arc-heater pressure limits.
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TheNASA specificationsfor theMARIA.HProjectstudyrequiredatestsectionareaof 80 f12.
At theflight conditionsspecified,this leadsto amassflow rateof 820kg/s. Stagnationenthalpy
atthis conditionis 12.15MJ/kg. Thus,thetotalthermalpowerattestsectionconditionsis 9.96
GW. This is theminimumpowerrequiredto beaddedto ambientair by anymeansto reachtest
sectionconditions.Sincewall heatlossfor theoptimumperformancecaseswasusuallyon the
orderof 1/2 to 1 GW and about 2.5 GW thermal power is provided by the arc heater, electrical
power to the MHD channel was typically 8-9 GW. Thus, including an estimate of the total
power required by the arc heater, total electrical power for this facility would be approximately
12-13 GW. If electrical energy storage was available and 10 tests (2-minutes duration each)
were run per day, this represents an average power use of approximately 85 MW. Although not
impossible to obtain, a power system for an MHD facility of this scale would be a significant
investment, and the operational costs would be equally large.
The large power requirements of an MHD facility are due primarily to the high energy and large
scale of the specified flight simulation condition. Simulation of lower energy conditions (lower
flight Mach number) at a smaller scale would considerably reduce the power requirements.
Although seeded MHD augmentation of arc heaters can produce lower pressure (higher entropy)
test conditions, this technology cannot produce the high-pressure test conditions required by the
NASA specifications for the MARIAH Project (see Section 3). These investigations indicated
that simulation of flight conditions at a dynamic pressure of 500 lbf/fl 2 may be possible.
However, even using magnetic field strength values well beyond those available in the
foreseeable future, the analyses indicated that a dynamic pressure of 2,000 lbf/ft 2 at a Mach 16
flight condition is unachievable using seeded MHD augmentation of arc heaters.
5.1.2 Unseeded MHD Augmentation of Conventional Arc Heaters
Unseeded, nonequilibrium MHD acceleration was evaluated in previous analytical studies (Refs.
14, 17, 24) and was found to be a potentially viable technology for producing the higher entropy
test conditions, such as hypersonic propulsion combustor inlet conditions. Using a 200-atm arc-
heater entrance condition and a 10-T magnetic field, MHD was capable of producing hypersonic
propulsion combustor inlet conditions for flight Mach numbers up to 20 and flight dynamic
pressure of 500 lbf/i_ or greater. Two different mechanisms for producing the nonequilibrium
ionization were considered. Both involve elevated, nonequilibrium electron temperatures that
produce nonequilibrium ionization through molecular collisions. In both cases, the equilibrium
population of NO in the air is the predominant species ionized since it has the lowest ionization
potential of the naturally occurring air species.
In one analysis, high values of the applied electric fields created nonequilibrium electron
temperature through acceleration of the electrons in these fields. This analysis indicated
combustor inlet conditions for a 500 lbf/fl 2 dynamic pressure were possible using this technique.
The other analysis assumed that arbitrary electron temperature values could be maintained in the
MHD channel using a combination of the high electric field acceleration of electrons and
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externalenhancementby beamedenergyaddition(microwaveor e-beam).Thisanalysis
indicatedhigherperformance,andthe simulated conditions approached combustor inlet
conditions at a dynamic pressure of 1,000 Ibf/_.
Aside from the MSE studies cited, OSU also investigated the feasibility of unseeded,
nonequilibrium MHD. This study is described in Reference 17 and also in Appendix Section
B.2. Briefly, the conclusions of the study were that the total enthalpy increases through the
MHD accelerator will be quite small, even if e-beams are used for ionization enhancement. This
is due to the very rapid electron-ion recombination rates associated with the assumed high-
pressure inlet conditions. In most of the cases studied by the OSU group, the inlet pressure was
in the range 10-100 alan. These cases all showed only slight enthalpy increases within the MHD
channel. In one series of runs, plenum conditions were taken to be 1,000 atm and 6,000 K. An
e-beam was employed in the channel inlet region for conductivity enhancement, and the flow
was expanded out of the arc heater to 1 arm pressure. For this case, it was found the total
enthalpy could be augmented by approximately 70%. As stated in the report, "The only
conceivable way of efficient use of e-beams (or other ionization sources) in high-plenum
pressure flows appears to be expanding the flow down to the low pressures prior to creating the
nonequilibrium ionization." This scheme does not have the inherent pressure limits associated
with conventional, thermal ionization. Presumably it should be possible to expand the flow from
the heater to tenths of an atmosphere if necessary. In the nonequilibrium approach, the
expansion may proceed down to very low temperatures and therefore much lower pressures
because the ionization no longer depends on temperature.
The basic conclusion of the OSU nonequilibrium study was similar to the MSE studies, namely
this concept is not capable of reaching the very high enthalpy, low entropy conditions specified
by NASA for the MARIAH Project. However, the concept could provide a clean air testing
environment for testing at higher entropy levels such as for tests requiring simulation of
combustor inlet conditions.
The conclusion from these three studies is that the arc-heated, unseeded, nonequilibrium
ionization concept cannot produce test conditions approaching those specified by NASA for the
MARIAH Project analyses. In the low-pressure channel flow with high electric field values,
uncorrected electrical conductivity values were reasonably high. In a typical analysis, electrical
conductivity entrance values were between 50-100 mho/m and increased to several hundred at
the exit. However, in the low-pressure flow with high magnetic field strength, Hall values grew
very large creating concerns about ionizational instabilities. A simple correction was used to
calculate an effective Hall parameter and an adjusted electrical conductivity (see Appendix
Section B. 1.2). These corrections considerably depressed the conductivity, resulting in low
values that reduced the MHD performance.
At the higher pressure required to reach high dynamic pressure, post-bowshoek condition, Hall
parameter will be much lower, and correction of the electrical conductivity will not be necessary.
However, electrical conductivity will also be lower due to the difficulties of maintaining
nonequilibrium ionization at the high pressure. Two mechanisms will lower the degree of
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ionizationandtheelectricalconductivity.First, theelectronmean-freepathin thegaswill be
muchshorterin thehigherpressure,thus,theelectronswill notbeableto gainasmuchkinetic
energyacceleratingin theelectricfield andwill haveamuchlower temperature.Secondly,the
morefrequentcollisionsin thehigherdensitygaswill resultin fasterequilibrationof the
nonequilibriumionization. Lowerperformancecanthenbeexpectedat thehighpressure,and
thenonequilibriumMHD channelwill notbecapableof reachingthelow entropyconditions
selectedbyNASA.
Thereis arelativelyhighdegreeof uncertaintyin theseanalysesdueto thesimplisticapproachto
thenonequilibriumionizationandhighHall parametercorrectionsused.However,thisanalysis
doesprovideatechnicalbasisfor furtherconsiderationof thisconceptif theneedfor clean-air
testingin thecombustorentranceregimewarrantsdevelopmentof anewtestfacility. However,
augmentationof archeaterswith anunseeded,nonequilibriumMHD acceleratorscannotreach
thehighpressurenecessaryto simulatetheconditionsrequiredby theNASA specificationsfor
theMARIAH Project(seeSection3). In fact,this technologycannotproduceeventhelower
pressureconditionsforpost-bowshockconditionsatadynamicpressureof 500lbf/_. Useof
this technologywill be limitedto simulatingconditionsequivalento low dynamicpressure,
combustorinlet flow.
5.1.3 MARIAH II Concept
The MARIAH II concept, which incorporates a UHP driver, beamed energy, and MHD
augmentation, was the subject of a preliminary feasibility study completed jointly by MSE and
Princeton University (Ref. 23). Appendix F an edited version of an original American Institute
of Aeronautics and Astronautics (AIAA) technical paper. Section 4 contains a summary
description of the concept. A number of advantages of the MARIAH II concept were cited in
Appendix F. These include the following:
• The MARIAH II concept takes advantage of the UHP driver to dramatically reduce the
reservoir entropy compared to typical entropy values in arc heaters.
• Joule heating is minimized by taking advantage of MHD. This point is discussed in
Appendix F.
• By exploiting beamed energy in the supersonic expansion region, the MARIAH II
concept offers the possibility of much lower temperatures through the flow train
compared to either arc-heater technology or conventional MHD accelerators. This
approach will alleviate many of the materials problems. The reduced temperatures also
alleviate the problems of air chemistry. Species concentrations of monatomic oxygen and
nitrogen will be significantly reduced if the flow train can be run at temperatures below
2,100 K.
• As noted in Reference 23, there is a natural synergy between the high-pressure driver and
the MHD accelerator. By relying on MHD to do part of the flow acceleration, the
required reservoir pressures can be substantially reduced, perhaps to values close to
10,000 atm. This will alleviate many materials and structural problems associated with
the primary piston driver and will reduce technical risk accordingly.
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• Finally,theUHPdrivertogetherwith MHD offers the possibility of covering a much
wider range of the H-S diagram of interest to the hypersonic testing community.
Because it is not nearly so entropy-limited as other driver technologies, it opens up new
possibilities for achieving true air simulation at high dynamic pressures.
Based on the preliminary research completed (see Appendix F), the MARIAH II concept appears
promising. However, there are a number of technical questions that must be answered, including
questions relating to run times, MI-ID channel operations, magnet requirements, and others.
These are briefly addressed in Section 5.2. To fully resolve all of these technical issues will
require a substantial, multidisciplinary, multiyear program of analytical and experimental
investigation. The scope and nature of such a program are addressed in Section 5.3.
The MARIAH II concept has the potential to alleviate the air chemistry problem because the
temperatures throughout the flow train will be lower than typical MHD channel or arc-heater
temperatures. The success of this approach will depend on demonstrating low temperature
operation of the MI-ID channel. Preliminary analysis has indicated that this concept can
potentially reach the high enthalpy, low entropy conditions specified by NASA for the MARIAH
Project. Furthermore, it has other advantages, including low air temperature in the MHD
accelerator and less power required for the MHD acceleration, which make this technology very
attractive for the high-pressure, propulsion testing applications.
5.2 OPEN ISSUES
Each of the MHD concepts discussed in the MHI) Technology Conclusions above will require
further research to address open issues identified but not resolved during the MARIAH Project.
Various technology deficiencies, i.e., necessary technologies that are not presently available or
beyond the present state-of-the-art, were also identified during this project. The identified
technology deficiencies and unresolved issues are listed in this section.
5.2.1 Technology Deficiencies
5.2.1.1 Seeded and Unseeded MHD, Arc Heater Augmentation
5.2.1.1.1 High Field Strength, Large Bore Magnets
Magnets with a field strength on the order of 6-8 T can be constructed with currently available
technology. Some projections have indicated 10- to 12-T magnets will be available in the 10- to
15-year time frame, and perhaps 15-T magnets will be available in 15 - 20 years. Parametric
studies have clearly shown the benefit of using high-strength magnets for the high-pressure
MHD applications while the Hall parameter remains low with even high field magnets. The
parametric and optimization studies (see Appendix Sections B. 1.4 and B. 1.5) indicated that
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magnetswith fields up to 30 T produce significant gains in performance. Magnets with bore
sizes sufficient for a 1/2- to 1-m-square channel cross-section and 2 to 7 meters in length are
required to support MI-ID accelerator technology on the scale specified by NASA's
requirements.
Analyses performed for the unseeded, nonequilibrium concept indicated much lower pressures in
the channel and thus much higher Hall parameters likely resulting in ionizational instabilities.
The unseeded, nonequilibrium accelerator probably would not benefit from the higher strength
magnet technology.
5.2.1.1.2 High Power Availability, Power Supplies, and Energy Storage
Facilities on the scale specified by NASA for the MARIAH Project will require short bursts (1 -
2 minutes) of power at the 10- to 15-GW level. The power demands of these facilities will be far
more than could be obtained from a commercial power grid without some form of storage and
load leveling. Power supply options include: a) a dedicated, on-demand power source that
would produce the necessary power from a chemical fuel; b) a dedicated, continuous operating
power source with storage for the burst-demand; or c) commercial power source with storage.
For a 2-minute burst, this facility will require approximately 1.5 TJ of energy. Power sources,
load leveling, and storage of this magnitude will be a very major acquisition and the technology
on which it is based may not exist. These requirements and technology availability should be
reviewed to determine ifR&D efforts are required.
5.2.1.1.3 High-Pressure, High-Power Arc Heaters
Current technology arc heaters can operate up to pressures on the order of 150 arm, and higher
pressure operation can provide some improvement in MHD accelerator performance. Studies in
this report were conducted assuming the availability of a 200-arm arc heater. However, power
levels for current generation arc heaters are far below those needed for a facility of the scale
specified by NASA. The thermal power of the exit gas stream for the arc heaters in this study
were on the order of 2.5 GW. Since a large fraction of the input power to arc heaters is lost to
the cooling water, an arc heater of this class would need to operate with an electrical power input
of 4 to 5 GW.
5.2.1.1.4 High-Temperature Materials for Electrode and Sidewalls
High Mach number flight simulations require high stagnation enthalpy flow and produce very
high recovery enthalpy (and temperature) levels in the boundary layers near the channel walls.
This produces high heat flux to the walls for cold walls or extremely high temperature walls for
adiabatic walls. High temperature wall materials would allow higher efficiency channel
operation by reducing the thermal energy lost to the cooling water. Furthermore, electrode
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erosionis frequentlyaproblemwith MI-ID systems,thusmoredurableelectrodedesignsand
materialswouldbebeneficial.
5.2.1.1.5 High-Power Microwave and or E-Beam Devices (Unseeded MHD Only)
Unseeded, nonequilibrium MI-ID accelerator performance could be improved through the use of
external ionization sources. High-power devices sufficient for this application and windows or
other means of introducing these beams into the channel should be developed if unseeded MI-ID
accelerator systems are to be developed.
5.2.1.1.6 Electrogasdynamic Effects on Engine Performance
Preliminary analyses documented in Section 4 and in the appendices have indicated the presence
of small amounts of alkali metal in the airstream will not cause a significant change in induction
length or ignition delay times. However, for nonequilibrium MHD channel operation, the use of
e-beam technology may result in elevated levels of 02 species in the test cell. Indeed, the larger
question of air chemistry effects due to e-beams has not yet been adequately addressed. This
problem should receive much more attention in any future MHD accelerator studies.
5.2.1.1.70therDownstreamlssues
There are a number of unresolved issues relating to the unique effects of MHD accelerator
operation on the conditions and chemistry in the test cell. These include possible effects of
molten alkali metal on engine seals, the effects of the MHD accelerator chemistry on accelerants
and catalysts used to enhance engine performance, and questions of electron recombination and
vibrational relaxation through the secondary nozzle. The latter issue was addressed to some
degree in the OSU kinetics study (Appendix C.3) and in the ENGO MHD accelerator study
(Appendix E.3).
5.2.1.2 MARIAH II Concept
Appendix F also notes there are a number of key technology issues that must be resolved before
the MARIAH II system can be built with confidence. Most of these are discussed in the
Appendix and are summarized below.
5.2.1.2.1 High Field Strength, Large Bore Magnets
Large magnet systems will be required for the MHD accelerator. Since the accelerator will be
operated at lower pressure and temperature (higher Mach number), it will probably be larger than
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acceleratorsfor thearc-heatedMHD, therebyrequiringlargermagnets.However,lower field
strengthmagnetsmaybeacceptablefor this application.Thelargeboresizerequiredis beyond
themagnetfabricationcapabilityavailabletodayandwill requiresomedevelopment.
5.2.1.2.2 Run Times
The testing requirements defined in Section 3 specified run times of tens of seconds to minutes.
The gas piston driver must confine the entire slug of test gas in the main cylinder and compress it
to pressures of 10,000 to 20,000 atm before releasing it through the nozzle. To simulate the
Mach 16, 2,000 lbf/fi 2, post-bowshock conditions for a 10-s duration will require 8,200 kg of air.
By contrast, the Russian A-4 facility under design at the Laurentyev Institute will be capable of
handling a few tens ofkg of air (see Ref. 151) and will have a run time of approximately 0.1 s.
Clearly the scaleup of the primary driver is a major technology issue.
5.2.1.2.3 MHD Channel Operation
As explained in Appendix F, the MHD accelerator must operate with a minimum of Joule
heating. To provide a "true air" flow stream and to avoid erosion of the electrode walls, it will
be necessary to maintain low temperatures in the channel. This mode of operation rules out
conventional seeded MHD. Based on the preliminary study described in Appendix F, there are
two possible modes in which the MHD accelerator channel might operate.
Guided Arc Mode
This regime is characterized by inlet pressures of several hundred atm and temperatures
below 2,200 K. A key issue for this option will be to demonstrate significant MHD
acceleration using arc discharges within the channel.
Low-Pressure, Low Temperature MHD Acceleration with Beamed Energy Addition
The key parameter is the electrical conductivity in the channel. Because the temperature
must remain low to minimize the entropy rise and reduce electrode erosion, this mode of
MHD gas acceleration must rely on some type of beamed energy addition either within or
upstream of the accelerator. Operation at subatmospheric pressure will be essential to
minimize recombination of fi:ee electrons. A more detailed discussion of this issue is
given in Appendix F.
5.2.1.2.4 Beamed Energy Addition to a Supersonic Air Flow
A key idea of the RDHWT scheme is to add beamed energy to the supersonic flow in the nozzle
expansion region. This approach minimizes the temperature rise of the airstream, which in turn
mitigates materials and air chemistry problems. A key question is: Can a supersonic airstream
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absorbsubstantialenergyfrom a laser, microwave, or e-beam? This issue is discussed in greater
depth in Appendix F. To prove the feasibility of the MARLAH II concept, an experimental
demonstration of the absorption of beamed energy in a supersonic airstream will be necessary.
5.2.1.2.5 Air Chemistry Issues
Chemistry issues were addressed in Appendix Sections B.2 and E.3. The primary species of
concern are monatomic oxygen and nitrogen oxide. Alkali metal seed, if required for the MHD
accelerator, will also be of some concern. As noted in the ENGO study (Appendix E.3),
monatomic oxygen may reach levels as high as 4 - 5% molar, and nitrogen oxide levels may be
as high as 6% for typical combustor inlet conditions. A similar kinetics study done by AEDC
(Ref. 28) indicated monatomic oxygen levels could be as high as 15% molar under some
conditions. Note this corresponds to high temperature operation in the channel. In some cases
the core temperatures in the MHD channel were 3,500 K or higher.
5.2.2 Unresolved Issues
5.2.2.1 Multidimensional Phenomena
All analyses in this study were conducted with 1-D computer codes. Various multidimensional
electrical and fluid dynamic phenomena occur in high-power MHD accelerators that should be
investigated with multidimensional computer codes. Some of these phenomena include
electrical shorting through the sidewall boundary layers, current constriction in the core flow,
axial shorting between electrodes, Hall eddy currents, and 3-D fluid phenomena.
5.2.2.2 Flow Uniformity (Thermal and Velocity_) and QualiW (Chemistry)
Flow nonuniformities result from wall boundary layer effects and nonuniform acceleration due to
electrical conductivity and current nonurtiformities in the channel. These could be investigated
through the use of multidimensional computer codes and experiments. Flow quality deficiencies
could result from high temperature dissociation and formation of NO and other contaminate
species. Problems associated with flow quality could be investigated using 1-D and
multidimensional chemical kinetics codes.
5.3 RECOMMENDATIONS FOR FUTURE RESEARCH IN HYPERVELOCITY
FACILITIES
National facilities studies in recent years (Refs. 21, 22, 152) have prioritized the needs for major
national aerospace testing facilities and assigned development responsibilities to the
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governmentalorganizationshavinginterestsin thefacilities. NationalhypervelocityT & E
facilities(anMHD-augmented,hypervelocitypropulsiontestingfacility is anexample)arenow
undertheauspicesof theUSAF,andall futureR&D will beconductedunderits direction.
USAF personnelhavebeenreviewingtheprogressandresultsof theNASA MARIAH Project
sinceits inception.At theconclusionof theMARIAH Project,theUSAF will directall future
MHD research.For thisreason,MSEhadworkedwith USAFpersonneltoidentify requirements
for facilities to supporttheirpresentandfuturemissions.
Basedon preliminary discussions between MSE and the USAF, it appears the test capabilities
required to support the USAF mission in the near term will be for flight Mach numbers in the
range of 8 - 16, with a requirement for conducting advanced engine testing at dynamic pressures
in the range 1,000 to 2,000 lbf/ft 2. A facility capable of supporting such testing must have run
times of the order of tens of seconds or greater.
The set of high level tasks shown below is suggested as a basis for developing a multiyear R&D
program leading to a national hypervelocity test facility operating on the MARIAH II concept
(see Section 4.1.4.5 and Appendix F). This concept, as discussed in Reference 23, takes
advantage of synergistic features of RDHWT.
1. Define the testing regimes (run times, test section Mach numbers, pressures, and
temperatures) of interest to the hypersonic testing community. This will require
extensive discussions with government agencies and aerospace companies. Because of
the long lead times involved in completing the necessary developmental work and
designing a facility, it is recommended that the focus of this task be on long-term
hypervelocity testing needs as opposed to the needs in the immediate future.
2. Upgrade and validate analytical tools that can adequately simulate the UHP driver,
beamed energy addition in the nozzle expansion region, and MHD accelerator
performance. Assemble a computational tool that can analyze the entire flow train.
3. Conduct parametric analytical studies to identify feasible pressure-temperature-Mach
number regimes. The exit flow stream from the primary nozzle must be shown to be
compatible in terms of pressure, temperature, and electrical conductivity with the inlet
conditions in the MHD channel.
4. Demonstrate substantial beamed energy absorption in a supersonic airflow exiting fi'om
a UHP driver. This demonstration must be done experimentally after analytic studies
have established an optimal range of pressures, velocities, and Mach numbers.
5. Demonstrate experimentally that one of the two options described below is feasible for
operation of an MHD accelerator channel:
a) High-pressure, moderate temperature gas acceleration using MI-ID:
This is the "guided arc" mode of MHD acceleration considered in Reference 23.
Inlet pressures of several hundred atmospheres and temperatures in the range
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APPENDIX A, SECTION A.1

A.1 UNIVERSITY OF TEXAS AT ARLINGTON TESTING PROGRAM
Experimental research was conducted at UTA to assess the properties of high-pressure, K-seeded
air for magnetohydrodynamics (MHD) accelerator applications. Since MHD research has
historically been conducted at much lower pressures, experimentally measured electrical property
data is not available for seeded air in the high-pressure, hypervelocity testing regime specified for
the MARIAH Project. In order to obtain the development of these high performance
accelerators, an experimental program was conducted at UTA to investigate the effect of high-
pressure on the equilibrium and nonequilibrium electrical conductivity of seeded air. The effects
of temperature, seed fraction, and electric field on these properties at high-pressure were also
investigated. Electrical conductivity in N2 plasma was also investigated under similar conditions
to assess the effects of the loss of electrons through attachment to oxygen (02) and other species
in air.
This appendix discusses the facility modifications and experimental program to perform the
high-pressure, seeded air, and electrical property measurements. Electrical conductivity
measurements at various pressures, temperatures, and seed fractions are reported. Potassium-
seeded N2 electrical properties data are compared to seeded air data to investigate the effects of
electron attachment to 02 species in air. Finally, a compendium of all data measurements
obtained during the UTA research is included at the end of this appendix.
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.4,.1.1 Overview
The need for ground test facilities capable of testing advanced hypervelocity propulsion system
concepts has generated renewed interest in the use of MHD accelerators for augmentation of
high-pressure arc heaters. A critical problem in the development of this concept is the need for
increased understanding of the electrical properties of high-pressure plasmas. Experimental data
is needed to validate theoretical models for calculating the electrical conductivity of seeded
plasmas at high-pressure levels. Furthermore, the electrical breakdown characteristics of high-
pressure plasmas subjected to intense electric fields are not well understood. Both of these issues
are critical to the development of MHD accelerator channels capable of operating at the pressure
levels thought to be necessary in order to duplicate the flow conditions required for hypervelocity
engine testing (Ref. 1).
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As partof theMARIAH Project,UTA conductedanexperimentalinvestigationof critical
electricalphenomenassociatedwith operationof MHD acceleratorsathighpressure.The
objectivesof theUTA investigationwereto:
- Develop an experimental apparatus for measuring the electrical conductivity of high-
pressure seeded plasmas.
Conduct an experimental investigation of the effect of applied electric field, static
temperature, static pressure and seed concentration on the bulk electrical conductivity of
the plasma.
Perform these experimental investigations using K-seeded air as the working gas and
repeat the experiments at selected conditions using N 2 for comparison to determine, at
selected conditions, the effects of electron attachment to 02 on the electrical conductivity.
The results of the UTA Phase 1A study to design the test apparatus and develop a detailed plan
for experiments to be conducted were presented as part of the MARIAH Workshop held by MSE
at Butte, Montana, on November 20-21, 1995 and were summarized in Reference 2. The results
of this experimental program are presented in the following sections. The development of the
original detonation-driven shock tube, together with the initial performance results is described
in Section A.1.2. Based on the performance results fi'om these tests, a change in the mode of
detonation initiation was proposed, and the subsequent modifications to the shock tube facility
and resulting performance enhancement are described in Section A. 1.3. The design of the
conductivity channel and power supply is discussed in Section A. 1.4, and the seeding system is
described in Section A. 1.5. The test program objectives, test matrix, and uncertainty analyses are
presented in Section A. 1.6, and the test results are presented in Section A. 1.7. Section A. 1.8
presents the comparison between experimental data and available theoretical models, and a
summary of results, conclusions, and recommendations for future studies are presented in
Section A.1.9. References are listed in Section A. 1.10, and a compilation of data plots for each
individual test run is given in Section A. 1.11.
A.1.2 Detonation-Driven Shock Tube Development (Arc Ignition Mode)
A.1.2.1 Existing Shock Tunnel Facility
The existing UTA shock tunnel facility is shown schematically in Figure A. 1- 1 and is described
in detail in References 3 and 4. The shock tube is composed of a 15.2-cm diameter [6-inch (in.)],
3-meter (m) long [10-foot (fl)] driver tube and a 15.2-cm diameter (6-in.), 8.23-m long (27-fl)
long driven tube. The two tubes are separated by a double-diaphragm section. Both tube
sections are rated for a pressure of 41.3 mega pascal (MPa) [6,000 pounds per square inch (psi)].
The diaphragms are normally constructed from 10 or 12 gauge [3.42 or 2.66 millimeters (mm)]
hot-rolled type 1008 steel plate scored to various depths in a cross pattern. A 7.5 ° half-angle
conical nozzle with interchangeable throat inserts for Mach numbers of 5 to 16 is attached to the
end of the driven tube. The exit diameter of the nozzle is 33.6 centimeters (cm) (13.25 in.).
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Previous operation of the shock tunnel employed the reflected-mode of operation with the nozzle
configured for Mach 8. A secondary diaphragm constructed from 0.127 mm (0.005 in.) thick
aluminum sheet was located in the nozzle throat region and used to separate the driven-tube gas
from that in the test section. The test section is a semi-free jet design, 53.6 cm long (21.1 in.)
and 43.8 cm in diameter (17.25 in.). Two 23-cm diameter (9 in.) optical windows are located on
opposite sides of the test section. The diffuser is 30.5 cm in diameter (12 in.), 213 cm long
(84 in.), and connects the test section to a 4.25-cubic meters (m 3) [150-cubic foot (fP)] vacuum
tank. The test section and diffuser contain model mounting and instrumentation ports.
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Figure A.1- 1. Schematic of UTA shock tunnel.
The pneumatic system consists of a Haskell model 55696 two-stage gas-driven booster pump
capable of charging the driver tube to 41.3 MPa (6,000 psi). The Haskell pump is normally
connected to the facility air compressor system consisting of a Clark CMB-6 5-stage air
compressor, twin-tower desiccant drier, and 14.5 MPa (2,100 psi) storage bottles. Alternatively,
the Haskell pump can be fed from a manifold of 15.2 MPa (2,200 psi) helium (He) storage
bottles. The vacuum system consists of a Sargent-Welch model 1376 [300-liters per minute
(1/min)] pump used to evacuate the driven tube and a Sargent-Welch model 1396 (2,800-I/rain)
pump used to evacuate the test section/diffuser/vacuum tank. In addition, there is a vacuum
pressure measurement system, consisting of two Bamtron type 127A pressure transducers and
the associated valving system to enable full range coverage from 10,000 to 0.001 ton" [1.33 Mpa
to 0.133 Pascal (Pa)].
A.1.2.2 Detonation-Driven Shock Tube Concept
A principal objective of the MARIAH Project was to investigate the feasibility of using MHD
augmentation of high-pressure arc heaters as the basis for development of a continuous-flow
hypervelocity wind tunnel optimized for testing advanced air-breathing hypervelocity propulsion
systems. In particular, the facility should be capable of providing post-bowshock conditions for
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testing advanced concepts such as the Pre-Mixed, Shock-Induced Combustor (PM/SIC) Engine
(Ref. 5). In order to simulate this test environment in an MHD-augrnented test facility,
preliminary design studies indicate that accelerator channel static pressures on the order of
100 atmospheres (arm) may be required (Ref. 1). Unfortunately, the previous operational
experience base for MHD accelerator operation was at pressures on the order of 0.5-5 alan (Refs.
6, 7). Development of MHD accelerators capable of operating at high pressures will require
improved understanding of a variety of technical issues. These issues include the effect of high
pressures on the electrical conductivity and Hall parameter of equilibrium and nonequilibrium
plasmas, the structure and stability of the current discharge, and the plasma electrical breakdown
characteristics.
In order to provide an experimental capability able to investigate some of the relevant
phenomena associated with the operation of MHD accelerators at high pressures, UTA proposed
to convert its existing pressure-driven hypersonic shock tunnel into a detonation-driven shock
tube. Other concepts for enhancing the performance of the existing facility were briefly
considered, including the use of an electrical (Refs. 8, 9) or combustion-heated (Refs. 10, 11)
light gas-driver and a free piston driver (Ref. 12). Although the free piston driver probably has
the highest performance capability, Bakos and Erdos (Ref. 13) have shown the detonation driver
offers somewhat comparable performance at a lower cost. Furthermore, a substantial experience
base had been developed at UTA to support this approach via an ongoing research program to
develop Pulse Detonation Engine (PDE) concepts (Refs. 14, 15). Much of the technology
developed as part of that program would be directly applicable to the detonation-driven shock
tunnel.
The detonation-driven shock tube was first proposed by Bird in 1957 (Ref. 16) and has been
subsequently studied by several investigators (Refs. 13, 17, 18, 19, 20, 21, 22, 23, 24). A
detonation process is typically established in a driver tube filled with a near-stoichiometric
mixture of hydrogen (H2) and O2, although other gas combinations are possible. The initial
pressure level prior to detonation can be quite low, thus eliminating the need for thick metal
diaphragms. The detonation process produces a relatively low molecular weight driver gas at
high temperature and pressure levels. The sudden pressure rise produced by the detonation wave
causes the primary diaphragm to rupture, thus establishing a shock wave in the air-filled driven
tube. Two modes of operation are possible. In the "upstream propagation" mode (Figure A.1-
2), the ignition source is placed just upstream of the primary diaphragm and produces a
detonation wave that propagates from right to lett through the driver tube. The pressure rise
following the detonation wave ruptures the primary diaphragm to establish the flow in the driven
tube. The effective driver tube conditions for this mode are the pressure and temperature at state
4' on the wave diagram in Figure A.1- 2. In the "downstream propagation" mode (Figure A.1-
3), the ignition source is located at the upstream end of the driver tube and produces a detonation
wave that travels from left to right through the driver tube, rupturing the primary diaphragm on
impact. The effective driver tube conditions for this mode are those for state 4" on the wave
diagram shown in Figure A. 1- 3. For either mode, further performance enhancement is possible
by adding He dilution to the H2/O2 driver tube mixture. Helium dilution raises the sonic speed in
the driver gas and also somewhat reduces the danger associated with premature detonation of the
H2/O 2 mixture. Performance calculations by Yu et al. (Ref. 20) indicate the performance
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degradationcaused by the slight lowering of the detonation temperature due to He dilution is
more than adequately offset by the increased sonic speed of the driver-tube gas.
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A.1.2.3 Facility Design/Performance Analysis
The initial design concept was based on a reflected mode of operation. In this mode, a secondary
diaphragm is located at the end of the driven tube to reflect the incident shock wave and
temporarily stagnate the flow. The high-pressure (Ps) created by the shock reflection ruptures the
secondary diaphragm to establish flow in a downstream nozzle. This nozzle was designed to
expand the flow to a Mach number of 2.0 at the entrance to the conductivity channel. Venable
(Ref. 25) performed a quasi-one-dimensional (l-D) computational fluid dynamics (CFD)
simulation of the starting characteristics of this configuration, together with a simulation of the
transient aspects of the flow through the conductivity channel. Venable's analysis showed the
time interval between the incident shock and the contact surface was extremely short as a result
of the high gas temperatures behind the contact surface produced by the detonation mode of
operation. This fact, together with the nature of the starting process in the Mach 2 nozzle,
precluded any possibility of steady flow establishment in the conductivity channel. On the basis
of Venable's results, the decision was made to modify the shock tunnel to operate in a
nonreflected mode of operation. In this approach the detonation driver would be used to initiate
the flow in a driven tube that would directly exhaust the flow to atmosphere at the downstream
exit. Preliminary estimates of run time for this mode were on the order of 0.5 to 1.0 milliseconds
(ms), which was deemed to be more than adequate for the proposed conductivity experiments.
One benefit of this mode is the flow is not stagnated as in the reflected mode of operation, thus
problems associated with dissociation of the air coupled with possible freezing of the flow in the
subsequent nozzle expansion are to some extent mitigated. Furthermore, the Math numbers
following the incident shock for high incident shock Math numbers are on the order of 1.75-2.0.
Therefore, it appeared possible to closely match the required entrance Mach number
representative of MHD accelerator operation, as well as matching the required pressure and
temperature levels.
The performance estimates for the detonation driver were made with the TEP TM Computer Code
(Ref. 26), a Windows TM version of the NASA CEC76 Code (Ref. 27). Calculations were based
on an equilibrium flow assumption. The TEP TM Code was first used to calculate detonation tube
performance for stoichiometric mixtures of H2 and O2 for a range of initial pressures and
different amounts of He dilution. These results were then input into an existing perfect gas code
(Ref. 28) to calculate the driven-tube pressure ratio, P2/P_, and shock speed, Us, as a function of
the shock tube pressure ratio, P4/P_, gas properties, and shock tube area ratio. Prior comparisons
with real gas codes indicate that, p2/p_, and, Us, are generally within 5% of perfect gas
calculations. The calculations were made for a range of driver-to-driven-tube area ratios. An
area reduction has been shown to increase the shock Math number for a given driver-to-driven-
tube pressure ratio (Ref. 29). Furthermore, it was necessary to reduce the area of the driven tube
to permit a more realistic size for the conductivity channel. The TEP TM Code was then used to
calculate the temperature ratio across the incident shock wave using the perfect gas value of
shock speed as an input to the code.
Performance calculations for the downstream-propagation mode are shown in Figure A. 1- 4 for a
driver-to-driven-tube area ratio of 14.7. The performance envelope was obtained for a
stoichiometric O2 and H 2 mixture at initial driver pressures ranging from 1 to 9 atm and a driven
A.1-7
tube filled with air at initial pressure from 0.063 to 10 arm. The initial gas temperature was 300
Kelvin (K). Also included for comparison are the performance maps of cold air and cold He
drivers, with the driver operated at its maximum rating of 400 atm. The downstream-propagating
mode of operation was chosen since test conditions behind the driven-tube incident shock wave
in excess of 100 atm and 4,000 K were predicted for this mode. The upstream-propagating mode
resulted in pressure levels behind the reflected detonation wave in excess of the 400-arm pressure
rating of the driver tube to produce comparable test conditions.
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A.1.2.4 Preliminary Simulation Experiments
UTA, in collaboration with Lockheed Martin Tactical Aircraft Systems and the Rocketdyne
Division of the Boeing North American Corporation, has been actively involved in an on-going
PDE research program funded by the State of Texas Advanced Technology Program and NASA-
Langley Research Center (NASA-LaRC). The PDE developed as part of this program was
reconfigured as a detonation-driven shock tube in order to generate experimental data to validate
the choice of operating modes.
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A.1.2.4.1 PDE Research Facility
A schematic diagram of the PDE Research Facility is shown in Figure A. 1- 5. Principal
components include the detonation chamber, fuel/oxidizer system, fuel/air system, ignition
system, purge air system, vacuum system, and data acquisition/control system. The detonation
chamber was constructed from 7.62-cm diameter (3-in.) steel tube sections of varying lengths.
Each section had provisions for mounting pressure transducers, heat flux sensors, and
thermocouples at 7.62-cm intervals along the principal axis of the tube. One section of 7.62-cm
length contained the arc igniter plug and could be placed at either end of the tube, or at
intermediate locations. The fuel and oxidizer, as well as the purge air were admitted into the
chamber through an end flange that also contains a pressure transducer. Mylar diaphragms of
0.254--0.381 mm (0.01--0.015 in.), thickness are used to seal the open end of the tube. These
diaphragms rupture upon impact of the detonation wave, and the combustion products are
exhausted into the facility's exhaust system. The vacuum system was used to pump the sealed
chamber to a pressure about 690 Pa [0.1 pounds per square inch absoulute (psia)], and the fuel
and oxidizer were then admitted to the chamber from standard high-pressure storage bottles
through a regulation system. Matheson series 6103 flash arrestors were installed in the lines to
prevent flashback into the fuel and oxidizer tanks in the event of a premature ignition during the
filling operation. The pressure in the chamber was monitored during the filling operation by a
precise Baratron Model 127A vacuum pressure transducer, and the method of partial pressures
was used to set the mixture ratio. The fuel/oxidizer mixture was ignited by a high-energy electric
arc ignition system (Ref. 14).
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Figure A.1- 5. Schematic diagram of PDE test facility.
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A DSP Technology Data Acquisition/Control System was used to gather data during a test firing.
This system provides 48 channels containing independent amplifiers, a 100 kilohertz (kHz)
analog-to-digital converter, and 512 kilobyte (kB) of sample memory unit. All channels are
sampled simultaneously. Transient chamber pressures were measured with PCB Model l I IA24
dynamic pressure transducers rated at 6.89 MPa (I,000 psi) and having a response time of I
microsecond (p.s). The Data Acquisition System (DAS) was connected to a 486-DX 33
megahertz (MHz) IBM-compatible PC via a GPIB 488 bus.
The PDE detonation chamber was reconfigured as a detonation-driven shock tube by using a
Mylar diaphragm at a flange interface to separate the driver-tube section containing the
appropriate fuel/oxidizer/diluent mixture from the driven tube containing air. The length of the
driver tube was 53.3 cm (21 in.), and the driven tube was 30.5 cm (12 in.). A 3.49 cm (1.37 in.)
section containing the diaphragm was inserted between the driver and driven tube. The driver
tube contained two transducers located 15.24 cm (6 in.) apart whereas the driven tube contained
4 transducers located at 7.62 cm (3 in.) intervals. The first transducer in the driven tube was 5.4
cm (2.12 in.) downstream of the diaphragm. Tests were conducted with the 7.62-cm (3-in.)
igniter section located at both upstream and downstream ends of the driver tube.
A.1.2.4.2 Experimental Results
For the simulated detonation-driven shock tube experiments, the driver tube was filled with near-
stoichiometric mixtures of H2 and O2. The initial pressure in the driver tube was limited to 2 alan
to prevent over pressurization of the pressure transducers resulting fi'om reflection of the
detonation wave from the end wall or primary diaphragm. A 0.381-mm (0.015-in.) thick Mylar
diaphragm separated the driver and driven tubes. The driven tube was open to atmosphere for
the shock tube simulation experiments. Both "upstream propagation" and "downstream
propagation" modes were simulated. Also investigated were turbulence enhancement in the
driver tube and He dilution of the H2/O2 mixture.
Transient pressure traces at selected axial stations for the "upstream propagation" mode are
shown in Figure A.1- 6. The two traces to the left of Figttre A.1- 6 are from transducers located
in the driver tube whereas the other four traces are from transducers in the driven tube. Although
a large pressure rise was generated by the upstream propagating detonation wave, the diaphragm
did not rupture until the reflected detonation wave from the upstream end wall of the detonation
tube impacted the diaphragm. The results from Figure A.1- 6 were converted to a plot of wave
propagation speed vs. distance, which is shown in Figure A.1- 7. The wave propagation speed
was determined by measuring the time interval between the occurrence of the rapid pressure rise
from adjacent transducers. Also shown in Figure A. 1- 7 are the sonic velocity and the theoretical
Chapman-Jouguet (C J) detonation wave speed for the H2/O2 mixture. These values were
calculated from the TEP TM Code. The velocity plot based on time-of-flight measurements shows
that transition to a CJ detonation wave occurred in the vicinity of 27 em from the ignition source,
which is comparable to measurements of detonation wave formation distance from the basic PDE
experiments ('Refs. 14, 15). The CJ detonation wave was clearly not established prior to passage
of the wave past the first transducer upstream of the diaphragm, and it was speculated the gradual
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risein pressureassociatedwith thedetonationwaveformationwasinsufficientto cause
diaphragm rupture. A thinner diaphragm was clearly needed in this case. Diaphragm rupture did
occur upon impact of the reflected detonation wave, thereby generating a strong shock wave (M s
= 3.5) in the driven tube. Notice the abrupt rise in pressure upon passage of the shock wave as
compared to the gradual rise in pressure associated with passage of the detonation wave. This
"precompression" phenomenon appears to be a characteristic of weak detonation waves and
generally disappears when a full CJ detonation wave is formed (Ref. 15). Good agreement was
observed between wave propagation speeds in the driven tube based on time-of-flight
measurements and values calculated from the measured shock pressure ratio using classical
shock tube theory in the front part of the driven tube. However, the pressure ratio calculations
indicate an attenuation of wave speed that is not observed from the time-of-flight measurements.
Tests conducted with turbulence enhancement in the detonation tube via a Shchelkin spiral fRet'.
30) produced rather surprising results; turbulence enhancement actually delayed the formation of
a CJ detonation wave in the driver tube, with a maximum wave propagation velocity of
approximately 2,000 meters per second (m/s), as compared to the nearly 3,000 m/s achieved for
the CJ detonation wave. The driver tube pressure levels were actually higher and little difference
was seen in the strength of the shock wave generated in the driven tube.
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A summaryof measuredrivertubepressurelevels,driver,anddriven-tubewavepropagation
speedsis shownin theformof avelocityhistogramin FigureA.1-8 for theupstream
propagationmode. Theshockspeedin thedriventubefor theupstreammodeappearsto
correlatebetterwith themaximumpressurelevelattainedin thedetonationtuberatherthanthe
detonationwavespeed.Heliumdilution did notexhibittheanticipatedperformance
enhancement,andin fact,shockvelocitieswereactuallylower. Furthermore,examinationof the
pressuretracesfor theHedilutionrunsindicatedaratherirregularwavepatternin boththedriver
anddriventubesandit appearedthatinadequatemixingof thegasesmightbeaprincipalfactor.
Otherinvestigatorshaveemphasizedtheimportanceof achievinggoodmixingto obtainstrong
detonationwavefronts(Refs.22,31).
Similar resultswere obtained for the "downstream propagation" mode, although lower driven-
tube shock speeds were observed for this mode. In general, CJ detonation waves did not form in
the driver tube, probably due to the shorter distance traveled by the wave. This was not
considered to be a problem for the full-scale detonation tube, since the total length would be
approximately a factor of 10 greater than the distances required for transition to a CJ detonation
wave in the basic PDE experiments. The pressure rise behind a downstream-propagating CJ
detonation wave should be more than adequate to rupture the diaphragm and initiate a strong
shock wave in the driven tube.
The results of the preliminary simulation experiments were inconclusive in so far as providing a
clear validation of the choice of operating modes. In general, the performance for the
downstream mode was lower than for the upstream mode, which is inconsistent with the
theoretical predictions discussed in Section A. 1.2.3. However, this may be due to the very short
length of driver tube, which obviously prevented attainment of CJ detonation speeds. Thus, in
developing the design modifications required to convert the existing pressure driver to a
detonation driver, the decision was made to provide mounting ports for insertion of the arc
igniter plug at both ends of the driver and to test both concepts with the full-scale facility.
A.1.2.5 Shock Tunnel Modifications
A.1.2.5.1 Detonation Driver
The driver from the existing shock tunnel was modified to serve as the detonation driver. Ports
for four surface mounted pressure transducers were installed to monitor the behavior of the
detonation wave. Ports were also installed for an ignition plug at each end; therefore, both
upstream and downstream-propagation modes could be evaluated. The tube had two ports for
injecting gases, specifically H 2, O2, air, and He; as well as for vacuuming out the initial air and
venting the combustible mixture in case of an aborted run. The conversion to a detonation driver
retains the same pressure rating.
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A.1.2.5.2 Arc Ignition System
The arc ignition system (Figure A.1- 9) was an adaptation of the ignition system developed for
the PDE program (Refs. 14, 15). The ignition source is a single high-voltage, high-current arc
plug driven by a capacitor bank. The high frequency welding unit ionizes a path between the two
electrodes of the arc plug using high fi'equency, high-voltage, and low-current energy. A spark
gap limits the voltage and produces a spectrum of fi'equencies. When the path is ionized
sufficiently, the capacitors are discharged as a high-current arc. The capacitor bank consists of
two 11 millifarad (mF), 75 volt direct current (VDC) capacitors connected in series and charged
to 135 VDC. The capacitors are charged by an 88 volt alternating current (VAC), 50-
milliampere (mA) transformer and a rectifying diode bridge. The charging transformer is kept
small to avoid driving the arc directly once the capacitors are discharged. A diode is also
connected across the arc-plug leads to eliminate ringing of the discharge current. This eliminates
reverse voltage on the capacitor bank and reduces the maximum voltage differential seen by
many of the components, thus leading to longer component life. A timer circuit provides a fixed-
width pulse to limit the operational time of the controls of the high frequency unit. The timer
circuit is isolated from the high frequency unit by an infrared diode-transistor pair.
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Figure A.1- 9. Circuit diagram of ignition system.
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The energy from the capacitor bank is discharged through an arc plug constructed of two
tungsten electrodes in a ceramic holder. The assembly is mounted in a threaded steel housing.
The ends of the electrodes are flush with the surface of the plug. The threaded housing assembly
is then installed into the sidewall of the driver tube of the facility. The ends of the electrodes are
nearly flush with the inner wall of the chamber.
A.1.2.5.3 Driven Tube
The original driven tube was replaced with a new tube of type 304 stainless steel with 4.12 cm
internal diameter (1.62 in.) and 9.1 m in length (30 ft). The tube was commercially available and
had a pressure rating of 19 MPa (2,800 psi). The detonation-driven shock tube was designed for
operation in the non-reflected mode for the MARIAH Project; thus the driven tube was designed
for a lower pressure rating. The existing downstream diaphragm section and hypersonic nozzle
were removed, and the end of the driven tube was extended into the existing vacuum tank. The
tank was not used for vacuum, but actually used to collect the exhaust before releasing it to the
atmosphere. This combination of driver and driven tube produces a driver-to-driven tube area
ratio of 14.7, thereby providing an additional improvement in performance.
A.1.2.5.4 Pneumatic Injection System
The H2, 02, and He are injected through the sidewall of the driver. Two tubes are available for
this purpose. The H2 and O2 are injected through separate tubes for safety reasons. Helium and
purge air are injected through the O2 line. The initial air is evacuated through the H 2 line and the
combustible mixture is also vented through the H2 line. Both lines contain Matheson series 6103
flash arrestors for added safety.
A.1.2.5.5 Instrumentation/Data Acquisition System
The detonation driver instrumentation includes four PCB Model 111A22 dynamic pressure
transducers and a MKS Model 127A Baratron pressure transducer. The Baratron has a maximum
pressure range of 1.33 MPa (10,000 ton') and is used to set the mixture ratio during filling of the
detonation driver using partial pressures. The PCB transducers are mounted in the driver tube
with the sensing diaphragm flush with the inside wall. Each one has a full-scale range of 68.9
MPa (10,000 psi), a rise time of 2 _s, and a time constant of 1,000 s. The Baratron is used to
provide an initial pressure reading as the PCB's are dynamic transducers.
The driven tube instrumentation also includes four PCB transducers. Two of these are PCB
model 111 A23, which have a full-scale pressure range of 34.4 MPa (5,000 psia), a rise time of
2 I_s, and a time constant of 500 s. These transducers are used primarily for shock speed
measurements, as they are upstream of the test area and separated by a precisely measured
distance. The other two PCB transducers are either model 111A23 or 111A24, depending upon
the conditions in the driven tube. The model 111A24 transducers have a full-scale range of 6.89
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MPa(1,000psia), a response time of 2 _ts, and a time constant of 100 s. An MKS Model 127A
Baratron pressure transducer also measures the initial pressure in the driven tube. This
transducer has a maximum pressure range of 133 kilopascal (kPa) (1,000 torr), provides a very
accurate measure of the initial driven-tube pressure, and also provides an initial pressure for the
dynamic PCB pressure transducers.
The pressure transducers were connected to a DSP Teclmology DAS; which has 48 channels
capable of 100 kHz sampling rate and 12 bits of accuracy, with each channel having its own
amplifier and analog to digital converter to allow for simultaneous sampling of all channels. The
system has 512 kilosamples of memory available for distribution between the channels being
utilized. Eight channels are also available with the capability of 1 MHz sampling rate, 12 bits of
accuracy, and each with separate analog to digital converters for each channel. Two
megasamples of memory are available for these eight channels. The DAS is controlled by a
personal computer (PC) that retrieves the data through an IEEE-488 interface. The data is then
stored for later analysis.
The pressure transducers provided direct measurement-of-pressure ratios upon passage of the
detonation or shock waves. Furthermore, time-of-flight measurements were wed to calculate
wave propagation speeds by determining the time between passage of the detonation or shock
wave between successive transducers. Since the transducers are a known distance apart, the
shock or detonation velocity can be determined from the measured time interval between
adjacent pressure transducers. This provides an important indication of the properties of the
detonation wave, primarily that the wave has indeed transitioned to a fully developed CJ wave.
A.1.2.6 Initial Test Results (Arc-Igniti0n Mode)
The initial operation of the modified shock tube consisted of a series of test runs at increasing
pressure levels to verify the design and refine operating procedures. The first test run was with a
stoichiometric mixture of H2 and 02 in the driver at an initial pressure of 1 arm. The driven tube
contained atmospheric air and was separated from the driver tube by a 0.381 turn (0.015 in.)
thick mylar diaphragm. Thin mylar could be used since the initial pressures were low and the
post detonation pressure is typically about 20 times the initial level. Subsequent tests increased
the initial detonation tube pressure to 8 atm. Both upstream-and downstream-propagation modes
were examined. A typical detonation tube pressure trace for the upstream-propagation mode is
shown in Figure A.1- 10 for an initial detonation tube pressure of 6 alma. The sensor closest to the
ignitor (Location 4) detects some precompression ahead of the detonation wave and is an
indication that the detonation wave has not reached full CJ velocity. The precompression
phenomena was observed in experiments reported by Helman (Ref. 32) and was also observed in
our own experiments with a smaller detonation tube being used for PDE research (Refs. 14, 15).
The next sensor passed by the detonation wave (Location 3), as well as subsequent sensors (not
shown in Figure A.1- 10 for clarity), did not detect any precompression; also, the time of flight
calculations indicate the detonation wave had reached CJ velocity. A similar plot for the
downstream-propagation mode is shown in Figure A. 1- 11 for an initial pressure of 6 atm. The
time-of-flight measurements indicate CJ velocity was achieved by the time the detonation wave
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reached the first pressure sensor. The rapid fall-off in pressure following passage of the
detonation wave for both cases is due the Taylor rarefaction wave that follows the incident
detonation wave (Ref. 33).
The overall performance map of the modified shock tube was obtained by conducting a
parametric variation of both driver- and driven-tube pressures, as well as introducing varying
amounts of He dilution. Test results are summarized in Figure A.1- 12. The performance was
considerably less than predicted. Furthermore, contrary to initial predictions, the data indicated
the upstream propagation mode (downstream ignition location) provided better performance. An
analysis of the test data suggests the following reasons for the low performance. Figure A. 1- 13
illustrates the wave process for the downstream-propagation mode of operation, resulting from
ignition of the detonable mixture at the upstream end of the detonation tube. The incident
detonation wave is followed by a strong expansion wave that is generated to satisfy the zero
velocity boundary condition at the closed end of the tube. This expansion wave causes an
immediate drop in pressure from the CJ level generated by the incident detonation wave, as
shown in Figure A. 1- 11, and the interaction of this expansion wave with the reflected detonation
wave appears to drastically lower the pressure level behind the reflected detonation wave.
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Figure A.I- 10. Detonation tube pressure traces, upstream propagating mode at an initial
pressure of 6 arm, electric arc-ignition.
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Thispressure initiates and sustains the incident shock wave propagation in the driven tube and
consequently, rapid attenuation of the incident shock wave is suspected. The performance
predictions described in Section A. 1.2.3 were based on a simple model that did not have the
capability of analyzing the complex flow patterns resulting from wave interactions and thus did
not predict this effect. Funding restrictions prevented the development of an adequate numerical
simulation capability; thus the problem was not detected until the test results from the full-scale
detonation driver were obtained.
A somewhat different cause is suspected for the reduced performance with the upstream-
propagation mode of operation. A typical pressure trace in the detonation tube for this mode was
shown in Figure A.1- 10. A detailed analysis of the pressure data indicates the initial wave
formation is a weak detonation wave (MD - 1.7) that transitions to a fully developed CJ
detonation wave (MD - 5.3) about 50 cm (20 in.) from the ignition source. This observation is
consistent with results observed in the PDE experiments (Ref. 15). Figure A. 1- 13 shows an end-
wall pressure trace from a similar test conducted as part of the PDE program. This data was from
a 7.62-cm diameter (3-in.) chamber containing a stoiehiometric mixture of H2 and 02, initially at
a pressure level of 1 atm. Transition to a fully developed CJ detonation wave for this case was
triggered by a Shchelkin spiral (Ref. 30) inserted into the detonation chamber.
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Figure A.1- 13. End wall pressure trace from PDE experiment.
Moreover, similar results have been observed for cases at higher initial pressure or with different
fuels that naturally transitioned to CJ detonation wave propagation speeds without turbulence
enhancement. The end-wall pressure is seen to gradually increase to a level of about 70 psia; and
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then abruptly increase to a level of about 110 psia, which corresponds to the transition in wave
propagation fi:om a weak to a CJ detonation wave. This pressure level is in close agreement with
the predicted end-wall pressure using the Zeldovich-von Neumann-Doring (ZND) detonation
model (Ref. 33); however, the fact that a CJ wave does not form immediately upon ignition
probably interferes with the formation of a strong incident shock wave in the driven tube.
Another adverse effect may arise from the fact that the upstream-propagation mode induces a
flow following the incident detonation wave in the opposite direction to the flow induced in the
driven tube, and additional loss of momentum is required to reverse this flow direction. Again, a
method of characteristics or CFD code would have predicted this phenomena prior to conducting
the tests.
A.1.2.7 Recommendations for Modification of Detonation Driver
Unfortunately, as a result of the reduced performance of the detonation-driven shock tube, it was
concluded the original performance goals could not be met with the current configuration.
Detailed analysis of the test data from the calibration suggested the shock speeds were
considerably lower than predicted, therefore drastically lowering the pressure and temperature
levels generated by the incident shock wave. An analysis of our test results and discussions with
Drs. John Erdos and Robert Bakos of GASL, as well as Dr. Dave BogdanoffofNASA Ames, led
us to conclude that there were two reasons for the poor performance. The primary reason was
attributed to the Taylor rarefaction wave associated with the arc-ignition process for the
downstream mode, as well as the combined effects of reduced pressure due to the inability to
directly initiate a CJ detonation wave and the required flow reversal for the upstream mode. A
secondary factor can be attributed to shock attenuation due to an overly long driven tube, which
can be remedied quite easily.
In order to improve the performance of the shock tube, a modification of the ignition process by
adopting the "light gas driver tube" concept implemented by GASL in their expansion tube
facility (Refs. 23, 24) was proposed. Thus, the are ignition process would be replaced by a light
gas driver tube that generates the detonation wave in the combustible mixture by rupture of a
diaphragm between the driver tube and the detonation tube. This concept is discussed in some
detail in the following section.
A.1.3 Shock-Induced Detonation Driver Development
A.I.3.1 Basic Concept
The reduced performance of the detonation-driven shock tube prevented attainment of the shock
Mach numbers required to meet the original goals of the program. After evaluation of several
proposed options for upgrading the shock tube performance, the shock-induced mode of
detonation being incorporated by Bakos et al. ofGASL (Refs. 23, 24) was selected to expand the
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performance of the HYPULSE facility. The concept is illustrated in Figure A. 1- 14 (adapted
from Ref. 24).
A high-pressure air or He driver is placed upstream of the detonation tube and used to drive a
shock wave into the detonation tube. This shock wave should quickly transition to a CJ
detonation wave; but the rarefaction wave associated with the closed-end operation of the
detonation tube should be drastically reduced because of a reduction of the strength of the Taylor
rarefaction wave which results in a higher pressure behind the detonation wave. In effect, the
driver tube exhaust acts like a gas piston to sustain the pressure behind the incident detonation
wave. In the "perfectly-driven" mode, the full CJ pressure level can ideally be maintained
behind the detonation wave, as shown in Figure A. 1- 15 (from Ref. 24).
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Figure A.1- 14. Wave diagram depicting shock-expansion tube operation with a shock
induced detonation driver
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Figure A.1- 15. Operation of a light-gas driven tube in under driven, perfectly driven, and
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A.1.3.2 Facility_ Modifications
Development of the shock-induced detonation driver concept was proposed to MSE as an
extension to the existing contract and subsequently approved. The necessary facility
modifications were implemented by reconfiguring the detonation driver tube back to its original
pressure-driven mode of operation and converting one of the original 2.74-m (9-fl), 15.24-cm
diameter (6-in.) diameter driven-tube sections to become the detonation tube section. The
original double-diaphragm section was reinstalled between the upstream driver tube and the
detonation tube, and the 4.12-cm diameter (1.62-in.) driven tube was shortened to a length of 3 m
(10 ft) to reduce shock attenuation due to boundary layer growth behind the incident shock. The
new detonation tube was also modified to allow insertion of four pressure transducers to monitor
the detonation wave development. A sketch of the modified shock tube showing pertinent
instrument locations is shown in Figure A. 1- 16.
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_1.3.3 Test Results from Shock-Induced Detonation Mode of Operation
A typical detonation tube pressure trace from the shock-induced mode is shown in Figure A. 1-
17. The initial conditions in the detonation tube were a stoichiometric mixture of H2 and 02 at
4 atrn. Air at a pressure of 217 atm was loaded into the upstream driver tube. The time-of-flight
measurements indicate a detonation wave propagation speed of 2,920 m/s, which is almost
identical to the theoretical CJ detonation wave speed for these conditions. This particular test
corresponded to the under-driven mode (Figure A. 1- 15) in which the incident detonation wave is
followed by a moderate-strength Taylor rarefaction wave that lowers the pressure. The reflected
detonation wave increases the pressure by a factor of about 2.3, which is in good agreement with
theoretical considerations. Unfortunately, the reduction in pressure caused by the rarefaction
wave lowers the peak pressure behind the reflected detonation wave, although not as much as
observed for the arc-initiated detonation wave. The pressure trace in the driven tube for this test
is shown in Figure A. 1- 18. The time-of-flight measurements indicate a shock Mach number of
5.95.
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Figure A.I- 17. Detonation tube pressure traces for an initial detonation tube pressure of 4
arm shock induced detonation (air driver pressure = 217 arm).
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Figure A.]- 18. Driven tube pressure traces for an initial detonation tube pressure of 4 atm,
shock induced detonation (air driver pressure = 217).
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Resultsfromtwo testscomparingair andHedriversat nominaldrivertubepressureson theorder
of 210armareshownin FiguresA.1- 19andA.1-20. Thedetonationtubecontaineda
stoichiometricmixtureof H2and02atapressureof 1.5atm,andtheinitial pressurein thedriven
tubewasnominally0.14atm. Thetestrunshownin FigureA.1- 19,usingair in thedriver is
typicalof theunder-drivenmodeandischaracterizedby thedropin pressurethroughtheTaylor
rarefactionwave. In contrasthetestrunshownin FigureA. 1- 20 with He as the driver gas is
nearly perfectly driven, and the pressure drop through the Taylor rarefaction wave was
considerably reduced. Furthermore, the pressure level achieved by the reflected detonation wave
is much higher, and the corresponding driven-tube Mach numbers are increased from 6.70 to
7.65. Driven-tube pressure traces for these two cases are shown in Figure A. 1- 21 (air driver)
and A. 1-22 (He driver). Thus, it appears the shock-induced detonation mode offers substantial
gains in performance by reduction or possible elimination of the Taylor rarefaction wave.
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Figure A.I- 19. Detonation tube pressure traces for an initial detonation tube pressure of l.5
atm, shock induced detonation (air driver pressure = 219 atm).
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Thecompositeperformance map obtained to date is shown in Figure A. 1- 23. The peak shock
Math number obtained with the air driver was 10.71, resulting in a post-shock temperature and
pressure of 4,190 K and 9.8 arm, respectively. The highest post-shock pressure attained with the
air driver was 21 arm, with a corresponding temperature of 2,058 K. As anticipated, use of He in
the upstream driver resulted in considerable improvement in performance. There was a general
increase in both temperature and pressure as compared to that attainable with the air driver for
similar conditions. A comparison of Figures A. 1- 23 and A. 1- 12 shows that a significant
enhancement in shock tube performance was realized by incorporation of the shock-induced
detonation mode, as compared with the arc-initiated detonation.
A.I.4 Conductivity Channel and Power Supply
A.1.4.1 Theoretical Considerations
Theoretical expressions for the electrical conductivity have been developed for a singly ionized
plasma in Lin et al. (Ref. 34). A collision-mixing model was used to determine the effect of
temperature on the electrical conductivity at pressures on the order of 1 atm. The electrical
resistivity can be written as the sum of the resistivity of two effects, namely, those due to
electron-neutral and electron-ion collisions,
1 1 1
+ (A.I- I)
(Y_ =(Y_, (Yea
Spitzer and Harm (Ref. 35) proposed the electron-ion conductivity could be expressed as:
(kT / e) 3/2
¢rei = 1.913x 104 In A (A.1- 2)
The quantity kT/e is the gas temperature expressed in electron volts while A is a parameter equal
to the ratio of Debye shielding distance to the impact parameter for 90 ° scattering by an ion. The
conductivity due to electron-neutral collisions o,, can be calculated as a function of the electron
density fi:om the Saha equation (Ref. 36). However, it is believed the conductivity calculated by
this method is overestimated by 70% under some circumstances. Thus, more accurate models
are needed.
Nevertheless, the collision-mixing model was used by Garrison (Re£ 37) to evaluate the
conductivity of air for a low-pressure MHD accelerator. Theoretical results were obtained for
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the effect of temperature on electrical conductivity for pressures from 0.1 to 5 atm. However,
this pressure range is inadequate for facility simulation of air-breathing hypervelocity flight. The
collision-mixing model was replaced by a chemical equilibrium model (Ref. 27) modified for
electrical conductivity calculations by Demetriades and Argyropoulos (Ref. 38) to obtain high-
pressure results. Typical results for pressures from 1.0 to 100 atm and temperatures from 1,800
to 4,200 K are shown in Figures A. 1- 24 and A. 1- 25, respectively, for K-seeded and cesium
(Cs)-seeded air. As can be seen in the figures, the electrical conductivity increases dramatically
with temperature but decreases with increased pressure. Furthermore, Cs seeding increases the
gas conductivity over that attainable with K.
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Figure A.1- 24. Electrical conductivity with 1% weight fraction K.seeded air.
The theoretical results discussed above indicate there might be difficulties in achieving adequate
ionization levels under high-pressure conditions. Thus, the experiments conducted by UTA and
reported in the following sections were proposed to provide information needed for the analysis
and design of future high-pressure MHD accelerators. In the following paragraphs, the
conductivity channel and other hardware required to perform the experiments are described.
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A.1.4.2 Conductivity_ Measurement Cha_nel
The plasma electrical conductivity was measured in a channel connected to the end of a 3.05-m
(10-fl) driven tube section. The conductivity measurement channel consisted of a pair of
powered electrodes and 20 probe electrodes separated by insulators in a design adapted from
Garrison (Ref. 37). The major components are displayed in Figure A.1- 26. These electrodes
were made of O2-free copper (Cu) that had an electrical resistivity of 1.69 _')-cm at 300 K. The
pair of powered electrodes provided an axial electrical field. Their inner and outer diameters
were 40.03 mm (1.58 in.) and 140 mm (5.5 in.); respectively, and their thickness was 9.53 mm
(0.375 in.).
Between the power electrodes at the ends of the measurement channel, there were 20 probe
electrodes for measuring the voltage drop along the channel. The probe electrodes had the same
dimensions as the powered electrodes except they were only 3.18 mm (0.125 in.) thick. Insulator
rings made originally from Zircar Type RS 100 ceramic fiber reinforced aluminum (A1)
composite sheets 1.59 mm (1/16 in.) thick were used to insulate between the copper electrodes.
This material was made of 75% alumina (A1203) and 16% silicon dioxide (SiO2) with other
minor constituents. It had a volume resistivity of4.6x109 t2-cm and a dielectric strength of 2.8
kV/mm (71 V/rail). The insulator material was subsequently replaced with Teflon TM because of
the tendency of the Zircar to absorb moisture from the combustion products passing through the
conductivity channel from the detonation chamber exhaust. The Zirear was also porous, which
prevented maintaining the desired pressure level.
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Figure A.1- 26. Conductivity channel
The total length of the measurement channel including the powered electrodes, the probe
electrodes, and the insulators was 115.9 mm (4.56 in.). The channel dimensions were used to
size the power supply, which will be discussed in the next section. The electrodes and insulators
were assembled together by clamping them with four threaded steel rods. These rods were
isolated from the electrodes by sheathing them with ceramic tubing, as shown in Figure A. 1- 26.
Lexan insulator segments 15.24 cm (6 in.) in length were mounted on both ends of the
conductivity channel to prevent shorting of the applied voltage to ground. A 2.61-m (8.57-fl)
section of driven tube was also installed downstream of the conductivity channel to prevent
shock reflections from the downstream diaphragm returning to the test section prior to
termination of the test window.
The initial test run with the conductivity channel installed in the detonation-driven shock tube
resulted in two separate incidents that exposed several design deficiencies in the channel. Both
incidents were caused by the channel being subjected to higher pressures than were anticipated in
the original design. This was caused in part, by the change in mode of operation fi'om the arc-
ignition to shock-induced detonation mode of operation. The pressures behind the incident
shock remain the same for the two modes, but the channel is subjected to much higher pressures
during the blowdown process in the shock-induced detonation mode. The first incident occurred
during the first test with the channel in which the shock-induced detonation mode was used.
Peak internal pressures on the order of 10.2 MPa (1,500 psia) were generated within the
conductivity channel during the blowdown process and resulted in tensile failure of the Teflon
insulators. The failure appeared to originate at the holes cut in the insulators for insertion of the
axial tie rods. This problem was solved by building a containment structure of A1 to
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accommodate the internal pressure loads. The portion of the containment covering the
conductivity measurement channel is shown schematically in Figure A. I- 27. The conductivity
channel was encase, d in two layers of Teflon TM prior to insertion into the containment structure to
prevent shorting of the applied voltage. The containment structure extends beyond the
conductivity channel on both upstream and downstream ends to also encase the Lexan insulator
rings.
The second problem was more serious in nature because it resulted in the destruction of the
conductivity channel. A tension failure of the axial tie rods occurred causing the channel and
downstream driven tube section to separate from the upstream driven tube section. The
individual copper plates and insulators were damaged beyond repair. It appears that sufficient
leakage of high-pressure gas between the insulators and copper plates occurred to load the
channel axially to a level sufficient to cause the axial tic rods to fail. Fortunately, enough copper
was on hand to fabricate a second channel, and the Lcxan segments were not damaged to any
extent. Design changes were implemented to increase both tie rod strength and diameter. Also,
two steel plates were fabricated for each end of the channel, which were also tied together with
high-strength bolts for application of compressive stresses to the channel. Finally, the plates
were anchored to the shock tube thrust stand with high-strength chains. A photograph of the
final assembly is shown in Figure A.1- 28. These modifications proved to be adequate, and no
further mechanical failures were encountered in subsequent tests with the channel.
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Figure A.1- 2 7. Pressure containment structure for conductivity channel
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Figure A.1- 28. Photograph of final conductivity channel installation.
A.1.4.3 Conductivity Channel Power Supply
A.1.4.3.1 Design Considerations
The design of the electrode power supply required an estimate of the volt-amp curves for the
anticipated range of test conditions. Ohm's Law (Ref. 34) gives the electrical field as a linear
function of electrical conductivity; that is,
I
E = m (A.1- 3)
CA
This equation can be rearranged to yield:
tr. (A.1- 4)
CA
where V is the voltage drop along the channel, I is the total input current, L is the length of the
measurement channel and A is the effective area of current conduction. For a measurement
channel with a 40.0-mm (1.58-in.) bore and a 115.9-mm (4.56-in.) length, the voltage drop is
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directly proportional to current for a given electrical conductivity of the plasma. An example of
such a calculation for air at 3,000 K, with a 1% Cs-seeding, is displayed in Figure A. 1- 29, which
shows the current and voltage as a function of gas pressure. From Equation (A.1- 4), given the
dimensions of the measurement channel A and L, the theoretical estimates of electrical
conductivity at a given pressure and temperature enables the current and voltage characteristics
of the channel to be calculated. Thus, the power supply can be sized.
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Figure A.1- 29. Electric field vs. current density for air seeded with 1% weight fraction Cs at
3, 000 K.
A.1.4.3.2 Power Supply Design
The method presented in Adler (Ref. 39) was used to design the power supply. The impedance
of the seeded plasma was obtained fi'om the conductivity computations described in the previous
section. This provides the load impedance for the power supply design. To cover a wide range
of impedances arising from the design pressure and temperature ranges, a variable capacitance
power supply was selected. The power supply capacitances and inductances were calculated
from:
!._ = zc, = L, (A.1- 5)
2 Z
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where tais the desired discharge time (which was set to a maximum of 1 ms for the anticipated
tunnel operation) Z is the load impedance, Ct the total power supply capacitance, and Lt the total
power supply inductance. For a 1 ms discharge time, a network of 5 capacitors and inductors
was chosen, each being '/5 of the value calculated in Equation (A.1-5). Table A.1- 1 (taken from
Ref. 40) lists several operating parameters for the design of the power supply. The load voltages
shown are for a current of 100 A. Lower current levels would require lower voltage levels. The
voltages shown in the last column are those required by the conductivity channel. The table
illustrates the capacitor bank must be variable and that the capacitance varies inversely with the
voltage. The relationship between capacitance and voltage is beneficial because it allows off-
the-shelf capacitors to be connected in series or parallel combinations to obtain the correct
configuration. The capacitors used were 440 V with capacitance values of 40, 50 and 55 la F and
are assembled in different combinations to obtain the design capacitances for the five assemblies.
The capacitors were connected in series to provide the higher voltage and lower capacitance
assemblies, as well as in parallel to provide the lower voltage and higher capacitance assemblies.
The inductors were formed by wrapping copper wire around a cylindrical iron core. The
inductance was calculated by:
L=N2A_ t / l (A.1-6)
The inductance calculation assumes the magnetic field lines are contained in the core. A
cylindrical core does not completely contain the magnetic field lines over their entire length;
therefore, the value of the permeability ( g ) must be corrected to account for this. The terms in
the equation are the length of the core (/) in m, the cross sectional area of the core (A) in m 2, and
the number of turns (N). The inductance calculated is in Hertrys (H). The equation is used to
construct an inductor, near the desired value, that is then modified using an inductance meter to
obtain the desired value.
Table A.1- 1. Power supply design parameters.
T, K p, atm or, mho/m z, _ Ct, #F Lt, mH V, V
4,000 1 423 .218 2,300 •109 22
4,000 100 95.3 .966 517 .483 97
3,000 1 132 .698 716 .349 70
3,000 100 12.7 7.25 69.0 3.63 725
2,500 1 37.6 2.45 204 1.22 245
2,500 100 1.62 56.8 8.80 28.4 5,680
2,500 25 6.23 14.8 33.8 7.40 1,480
2,500 50 3.36 27.4 18.2 13.7 2,750
2,500 75 2.22 41.5 12.0 20.8 4,150
The power supply, which is a capacitor bank with inductors arranged in a pulse-forming network
is shown in Figure A.1- 30. The capacitor bank was designed for a maximum charge voltage of
8 kV. The inductors reduce both the rate of discharge of the capacitors to the time required and
the amount of overshoot of the current from the steady state value. The current will tend to
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oscillate at the end of the discharge time; therefore, a diode is connected across the output leads
to eliminate this and reduce the voltage seen by the capacitors, resulting in increased capacitor
life. The capacitor bank open circuit voltage was applied to the conductivity channel prior to
firing the shock tube, and the seeded air plasma following the incident shock wave served as the
switch to initiate current flow.
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Figure A.1- 30. Capacitor bank.
The capacitor bank was charged between shock tube firings. A charging unit (Figure A. 1- 31)
was designed to charge capacitor assemblies up to 2.5 kV. For voltages above this, the
capacitors were separated by switches to allow them to be charged as assemblies and then
reconnected in the proper configuration for operation. This allowed the charging unit to be
smaller, less expensive, and constructed with off-the-shelf components.
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A.1.4.4 Instrumentation
The basic instrumentation and data acquisition systems for the detonation-driven shock tube were
described in Section A. 1.2.5.5. For the conductivity test, two of the driven tube pressure
transducers were installed upstream of the conductivity channel, and one was located
downstream of the channel (see Figure A.1- 16 for location of the transducers). Also two
Medtherm Type S Model TCS-031-S thermocouples with a full-scale range of 1,000 °C and a
response time of 1 _ts were located just upstream and downstream of the conductivity channel for
measuring the surface temperature. A voltage divider circuit was used to measure the voltage
drop across each electrode pair (Figure A. 1- 32). Current flow was measured using a F. W. Bell
IHA-150 high frequency current sensor that measured the magnetic field generated by the
electrical current in the wire. This sensor is electrically isolated from the circuit, which
eliminates the error caused by the inductance of other current measurement devices such as a
current shunt. The sensor has a response time of less than 1 _ts, a frequency response fi-om DC to
50 kHz, and a full-scale range +150 amperes with a full-scale output of+5 VDC. Linearity is
+_.1% over the compensated temperature range of 0 °C to 75 °C with an excitation voltage of+_12
VDC.
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Figure A.1- 32. Voltage divider circuiL
All the sensors were connected to the DSP Technology DAS, which contained eight channels
capable of simultaneous 1 MHz per channel sampling rates with 12-bit accuracy, as well as 48
channels with a sampling rate of 100 kI-Iz per channel. The DAS was connected to a 486-DX 33
MHz IBM-compatible PC via a GPIB-488 bus for data retrieval, storage, and manipulation.
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A.1.5 Seeding System
A.1.5.1 Seed Injection System
The focus of the UTA research program was to investigate the electrical properties of seeded,
high-pressure plasmas. Thus, it was necessary to develop a method for injecting seed material
uniformly throughout the driven tube prior to initiating the flow through the shock tube. The
seed injection apparatus, shown schematically in Figure A.1- 33, was designed to inject either
K2CO3 or Cs2CO3 in dry powder form into the driven tube upstream of the electrical conductivity
channel (Figure A.1- 16). Nominal seed fractions were to be on the order of 1% by weight. An
Acculab V-lmg model scale, with a resolution of 10 -3 grams (g) and maximum capacity of 120 g,
was used to measure the desired amount of seed material.
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Figure A.1- 33. Seed injection system.
A chromatography column 8.628-cm (3.937-inch) in length and a 1.111-cm (0.4375-inch) inside
diameter was used to hold the seed. The pressure rating of the column is 4,135 kPa (600 psi),
and it is sealed by two endpieees to O-rings. PTFE cone-type connectors were used to connect
PTFE tubing to the column. The PTFE tube has a 0.1588-cm inside diameter (ID) (0.0625-inch)
and 0.3175-cm outside diameter (0.125-inch) OD, and it is rated for 3,466 kPa (500 psi).
Two solenoid valves were used to control the inlet and outlet air through the seed injector
column. The maximum control air pressure was set at 276 kPa (40 psi) and 24 V AC electrical
power was used to activate these valves. During the seed injection operation, the outlet valve
was opened first to let the seed be drawn into the driven tube due to the vacuum conditions
within the tube. The inlet valve was then opened for few seconds to provide 276 kPa (40 psi) air
to force the seed material into the driven tube. Preliminary bench tests of the system indicated
that an inlet valve opening of about I0 s was sufficient to inject the required amount of seed
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materialinto thedriventube. Thepressurein thedriventube during the injection procedure was
raised by less than 6.89 kPa (1 psi).
The entire seed injection system was mounted on a panel that could be vibrated to prevent
coagulation of the seed. The vibration mount consisted of two aluminum plates. One end of the
two plates was mounted to the wall of the injector system, and the other end of the plates was
clamped together. The seed column was placed between the aluminum plates. A 9-V DC motor
was set on the upper side of the plate with an off-center rubber wheel attached to the shaft.
When a 9-V battery activated the motor, the off-center wheel induced a vibration in the plates
that helped keep the seed from settling in the bottom of the chromatography column.
The seed was injected into the driven tube through a nozzle assembly designed to inject the seed
parallel to the axis of the tube in both upstream and downstream directions in order to spread the
seed material uniformly throughout the driven tube. The nozzle assembly was inserted into the
tube from a cavity in the side of the driven tube by the applied air pressure. Once the pressure
was removed a spring retracted the nozzle assembly into the cavity to remove it from the flow
path during operation.
Bench testing of the system showed that higher inlet air pressure or longer injection times
resulted in a more uniform distribution of the seed material in the driven tube. However, the
need to control the initial pressure in the driven tube to achieve the desired test conditions placed
a limit on both inlet air pressure and seed injection time.
A.1.5.2 Seed Material
The seed system was designed for use with either potassium carbonate (K2CO3) or cesium
carbonate (Cs2CO3) in dry powder form. Lots of each were obtained with a 99.9% purity level
and a particle size equivalent to #20 mesh. Each was stored in glass bottles with a desiccant to
prevent moisture absorption by the seed. Potassium carbonate was the only seed material used
during the MARIAH Project test program.
A.1.6 Conductivity Test Program
A.1.6.1 Test Objectives
The objectives of the conductivity tests were to conduct an experimental investigation of the
effect of applied electric field, static temperature, static pressure, and seed fraction on the
electrical conductivity of a seeded air plasma.
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During the course of the project, MSE also requested that experiments with seeded N2 be
conducted to complement the seeded air experiments. The purpose of these experiments was to
examine the effect of electron attachment to 02 ions. Also a test was suggested in which UTA
would attempt to match the fluid density and electron mole fraction in the UTA facility to one of
the NASA Ames test points that used unseeded air. The resulting test plan is shown in Table
A.1- 2.
Table A.1- 2. Proposed test matrix.
TEST RUN P2 (atm) T2 (K) SEED V 2 (v) COMMENTS
SERIES
1 9.5-11 3,000 1% 400 Test to define V-I curve
600
800
2 9.5-11 3,000 2% 600 Effect of increased seed fraction
3 9.5-11 2,500 1% 600 Effect of temperature on conductivity
2,500
4 TBD TBD TBD 600 Test to match NASA Ames electron
mole fraction
5 9.5-11 3,600 1% 600 N2 test series
2,500
2,500
6 20-25 3,000 1% 400 V-I curve at increased pressure
600
800
7 20-25 1% 800
9
20-25
9.5-11
3,500
2,500
3,000
3,000
2%
1%
800
1,000
1,200
1,400
Effect of temperature on conductivity
at elevated pressure
Effect of increased seed fraction
Effect of Joule heating on
conductivity
A.1.6.2 Test Procedure
The detailed test procedure used during the conductivity test program is described in the
following steps:
• Determine target conditions for the specific test; p_, T 1, ply, P4, driver gas (air or He),
seed percent, and applied voltage.
A. 1-40
• Install the diaphragms.
• Pull a vacuum on the detonation driver tube.
• Fill the seed injection cartridge with the desired amount of seed material.
• Set the capacitor bank for the desired applied voltage.
• Fill the detonation driver with the correct mixture of H2 and 02.
• Activate the seed system vibrator.
• Charge the upstream driver and the double diaphragm section with air or He to the
desired pressure level.
• Pull a vacuum on the driven tube and inject the correct amount of seed material into the
driven tube. Continue to fill the driven tube to the desired p_ level by pumping air
through the seeding system (Note: this procedure was revised during the test program to
inject seed plus air through the seed system to fill the driven tube to a pressure of Iatm,
and then use the vacuum pump to evacuate the driven tube to the desired p_ level).
• Close the valve to the Baratron transducer to prevent damage from the high-pressure
detonation wave and activate the DAS.
• Fire the shock tube by opening the vent valve in the double diaphragm section.
A.1.6.3 Data Analysis
Eight high-speed data acquisition channels (1 MHz sampling rate) were used to sample the
current and voltages from seven probe electrodes. All of the voltage measurements, as well as
data from the eight pressure transducers, were captured by the slower 100 kHz data acquisition
channels. Data were taken during the entire duration of the test fn'ing, but the test window of
interest begins when the incident shock enters the conductivity channel. The incident shock
Mach number is determined from the time of flight measurements using pressure versus time
traces from two pressure transducers located upstream of the conductivity channel,
A__x (A. l- 7)
us = At
where Ax is the distance between the transducers and At is the time interval between shock arrival
at the two transducer locations. The current and voltage data were stored in a matrix as functions
of time. The voltage data were then cross-plotted at discrete times to generate voltage versus
distance plots. The plots of voltage versus distance were used to calculate the average electric
field in the conductivity channel. This calculation was based on the voltage and separation
distance between electrodes 1 and 20. The voltage drop between the powered electrodes and the
adjacent probe electrodes was considered to be due to a combination of boundary layer and two-
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dimensional (2-D) end effects. The average conductivity was then calculated as a function of
time from the Ohm's Law relation
cr.= /" I/A
- (A.1- 8)
E AVc/L
A.1.6.3 Uncertain_ Analysis
The uncertainty analysis was based on the method of Kline and McClintock (Ref. 41). Given a
function R of the independent variables x,, x2...x_,
R = R(x 1,x2,.. .,x n ), (A.1- 9)
let 03Rbe the uncertainty in the function R, and (0,,032.... , COnbe the individual uncertainties in the
independent variables. Then the uncertainty 03Ris given by
1/203 =I_c_R031)2 _R03212 .+fOR03n)2 (A.I-10)R Lk _Xl + k ax2 J +'" _,_Xn
The uncertainty analysis was applied to the pressures p; and P2, temperatures T, and T2, shock
speed Us, initial driven tube air mass m,, seed mass ms, seed mass fraction S, current I, voltage V
and average conductivity cs'. The zero order uncertainties for each primary measurement were
estimated from manufacturer's specifications for the transducers and sensors using the root-
mean-squares method (Ref. 41). The error propagation was then estimated for the data
processing operations using Eq. (A. 1- 10). The resulting uncertainties are
• Pressure, P1: +16.1%
• Temperature, T,: +1.0%
• Shock speed, Us: +1.4%
• Pressure, P2: +5.4%
• Temperature,T2: +5.5%
• Seed mass, ms: _+1.3%
• Seed mass fraction, S: +1.3%
• Current, I: +1.0%
• Voltage, V: +_1.0%
• Average conductivity, cr" +_4.6%
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The high uncertainty in initial pressure Pt is due to the inability to accurately measure the initial
pressure due to the necessity of isolating the Baratron pressure transducer prior to firing the
tunnel to prevent damage resulting from over pressurization. Normally this would not be a
problem; however, there were small leaks in the conductivity channel that allowed the pressure
to rise an unknown amount between isolation of the transducer and rupture of the diaphragm to
initiate the flow. This did not affect the accuracy of the shock speed measurements but did have
an adverse effect on the ability to precisely set the pressure ratio to achieve a desired shock
speed. The uncertainty in average conductivity is principally due to the uncertainty in separating
the precise break point on the voltage gradient plots between the electrode regions and the
"uniform core" region. The uncertainty in seed fraction is based on the assumptions of uniform
entrainment of seed in the air with no setting, and the seed fraction remains constant during
evacuation of the driven tube.
A.1.7 Conductivity Test Results
A run log is presented in Table A. 1- 3 (Section A. 1.11 ) together with the data plots from the
individual tests. The actual test program followed the proposed test plan presented in Table A. 1-
2 except for the first series of tests that were made with much lower seed rates than planned due
to an error in calculation of the required seed material.
Results from a typical conductivity test run (Run 26A June) are illustrated in Figures A. 1- 34
through A.1- 42. The conditions for this test are a shock Mach number of 7.76, T2 of 3,010 K, P2
of 8.5 atm, applied voltage of 417 V, and seed rate of 1% by weight. The pressure traces from
the three pressure transducers located in the driven tube are shown in Figure A. 1- 34. The traces
from the first two transducers were used to determine the shock speed from Equation A. 1-7.
The pressure P2 and temperature T2 following the incident shock were calculated as a function of
the initial pressure and temperature in the driven tube and the calculated shock speed. Prior
experience obtained during the detonation-driven shock tube calibration had indicated the
measured and calculated values for P2 were usually in close agreement. Unfortunately, the seals
between the electrodes and insulators tended to leak, particularly at low p_ levels. Since it was
necessary to isolate the Baratron transducer prior to firing the tunnel, a precise repeatable Pl level
could not be set. Thus, for these test series, the measured value for P2, together with the
measured shock speed was used to calculate the p_ levels using the TEP TM code (Ref. 26), as
shown in Table A. 1- 3. Since the initial temperature TI was accurately known, the final
temperature T 2 was calculated from the shock speed as described above. This procedure resulted
in an accurate determination of test conditions for each run but precluded being able to closely
match the desired test conditions due to the sensitivity of shock speed to initial pressure ratio.
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Figure A.]- 34. Driven tube pressure vs. time.
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Figure A.1- 35. Extended plot of pressure vs. time showing current-induced interference.
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The unusual behavior observed at t_l 7.3 ms is thought to be the result of interference induced in
the piezoresistive pressure transducers from the current flow in the channel. This phenomenon
was not observed at low currents. An expanded time plot of the pressures is shown in Figure
A.1- 35. The abrupt change in pressure transducer output at t_17.3 ms coincides with the
initiation of current flow in the channel, and the return to a steady pressure level at t_18.1 ms
approximately coincides with the decay of the current to near zero.
Figure A. 1- 36 shows the voltage vs. time traces. The top curve is the total applied voltage
across the powered electrodes. The probe electrodes do not sense any voltage until passage of
the incident shock. Their voltage levels quickly reach a maximum value in about 20 gs and then
drop as the initiation of current flow from the capacitor bank causes a drop in the power supply
output voltage. The voltages then rise to a second peak as the applied voltage from the capacitor
bank increases.
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Figure A.I- 36. Voltage vs. time.
An examination of the current vs. time trace (Fig. A.1- 37) shows that the peak current occurs at
about 17.6 ms, which coincides with the minimum applied voltage. The rate of current rise is
slower than the designed rate and was initially thought to be due to an impedance mismatch
between the power supply and the plasma load. However, a simulation of the transient
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characteristics of the power supply conducted by G. A. Simmons of MSE I indicated that the
current rise time should be on the order of 10 - 20 _. The estimated rise times calculated during
the design of the power supply were approximately 80 - 100 _ts. Simmons' analysis suggested a
more probable cause of the slow rise time is an actual variation in plasma resistance with time.
One possible reason for the plasma resistance variation with time could be the finite times
required for vaporization, dissociation, and ionization of the K_CO3 seed material. A second
possibility could be non-uniform distribution of seed material in the driven tube. Note the
current does not drop to zero, and the voltage distribution over the probe electrodes stabilizes to a
near constant level. This period is undoubtedly associated with the passage through the
conductivity channel of the detonation tube combustion products that have a small but
measurable conductivity.
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Figure A.1- 37. Current vs. time.
The actual test window of interest is the time period between passage of the incident shock and
the trailing contact surface through the conductivity channel. Thus, the voltage and current
traces are shown on an expanded time scale covering a period of 1,500 _ts in Figures A. 1- 38 and
A.1- 39, respectively. The voltage versus time data were then cross-plotted to determine the
axial voltage gradients versus distance for the time corresponding to the theoretical passage of
the contact surface and the time corresponding to the peak current and results are shown in
Figure A.1- 40. These voltage gradient data were used to calculate the axial electric field:
1 Simmons, G.A., MSE, Inc., Private Communication, July 31, 1997.
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E= - _AVc (A.1- 11)
_x
The electric field calculation was based on the voltage gradient between probe electrodes 1 and
20 since the higher gradients at the front and rear of the channel (Fig. A.1- 40) correspond to the
end effects in the powered electrode regions. These 2-D end effects include surface work
functions, voltage drops across the boundary layers, and curvature of current filament lines in the
powered electrode region. A plot of the total electrode voltage drop vs. time is shown in Figure
A.1- 4l. The magnitude of the voltage drop quickly rises to a peak level of 250 V, then drops to
a value of about 135 V, as the current rises to its peak value at tM7.6 ms. This trend is in general
agreement with the Nottingham Model, that gives the following relation for the electrode voltage
drop (Re£ 42):
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Figure A.1- 38. Expanded plot of voltage vs. time for primary test window.
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Figure A.I- 39. Expanded plot of current vs. time for primary test window.
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(A.I- 12)
The voltage drop then rises as the current decays to near zero.
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Figure A.I= 41. Electrode voltage drop vs. time.
Finally, the average conductivity was calculated as a function of time from the Ohm's Law
relation:
or*=-- j = I/A
E AVc / A.,c (A.1- 13)
and is shown in Figure A. 1- 42. The conductivity variation appears to closely follow the
measured current variation. The estimated duration of the test window (defined as the region
between the incident shock and the contact surface), was 185 _ts for this run, which means that
the peak current occurs approximately 200 _ts after the theoretical time of passage of the contact
surface through the conductivity channel. This implies that some of the seed must be entrained
in the detonation products following the contact surface rather than being entrained in the test gas
slug (Region 2 on Fig. A. 1- 14). To test this hypothesis, an analysis was conducted to
investigate the effect of seed entrainment in the detonation products following the contact
surface. This analysis was based on estimating the division of seed material in Region 2 and 3
by integrating the current versus time trace (Fig. A.1- 37) to calculate the charge in each region.
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q2 = _" cr dt (A.1- 14)
1
q3 = _tt_c_dt (A.1- 15)
where tt = time of initiation of current flow from Fig. A. I- 37;
t2 = estimated time of passage of the contact surface through the conductivity channel;
t 3 = time corresponding to decay of the current to near zero.
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Figure A.1- 42. Average conductivity vs. time.
The seed mass distribution was calculated by assuming:
ms2 _ q2
m, q2 + q3
(A.1- 16)
ms3 _ q3
m
m, q2 + q3
(A.1- 17)
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The seed mass fractions were then calculated from:
m$2
$2=_ (A.1- 18)
m$3
$3=_
m_
(A.1- 19)
where
fit t2mai, = pzuzAdt
I
(A. 1- 20)
fig t3= P3u3Adtm_p (A.1- 21)
Note from classical shock robe theory,
P2U2 = p3u3 (A. l- 22)
The results were S 2 = 0.72% and S3 = 2.29%. Figure A.1- 43 shows the results of theoretical
calculations oft versus T for air + 0.72% seed and detonation products + 2.29% seed. The
estimated temperatures for Region 2 and 3 are 3,010 K and 3,330 K; respectively, and the
resulting conductivities are 27 mho/m in Region 2 and 16.5 mho/m in Region 3.
The theoretical conductivity calculations suggest the conductivity in Region 3 is less than that in
Region 2 but the results are based on the assumptions the seed material is distributed uniformly
throughout the length of the driven tube and the seed material vaporizes, dissociates, and ionizes
instantaneously as the incident shock passes. Figure A. 1- 39 shows the current continually rises
after the theoretical passage of the contact surface, suggesting that some of the seed remain in the
driven tube after the contact surface passage. The distribution of seed material from tl to t3 will
determine the trend of the curves in Figure A. 1- 43; the larger the percentage of the seed left
behind after the contact surface, the closer together the curves will be. Theoretically, the current
in Figure A. 1- 39 should be a step function but the electronics introduce a small delay in the
current rise and the finite rate of seed vaporization, dissociation, and ionization will result in a
gradual increase in the conductivity throughout the test window.
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Figure A.1- 43. Conductivity of air and detonation products.
A similar analysis procedure was applied to all of the tests, and conductivity versus time plots are
presented in Section A. 1.11. A summary of the experimental results is presented in Section
A. 1.8, and comparisons are made with theoretical predictions. Unfortunately, the test program
was terminated prematurely during the high-pressure test series when an electrical breakdown
apparently occurred in the channel. A voltage plot from Run 28B June is shown in Figure A. 1-
44. Note that voltages are observed on a number of the probe eleetrodes prior to abrupt rise in
voltage for all of the probes at a time of 19.05 ms. A careful examination of similar plots for all
of the tests prior to this showed, with the sole exception of one test (Run 27F June) in which a
slight voltage was observed on several electrodes, the voltage on all of the probe electrodes was
zero prior to passage of the incident shock through the channel. An examination of the current
trace for this test showed no current prior to 19.05 ms, but it appears that sufficient leakage
current was flowing to at least establish a voltage distribution through the channel. One more
test (Run 28C June) was conducted. During the setup for the next test (as the voltage was being
applied to the channel during the setup procedure) a breakdown occurred at 400 V. Subsequent
attempts to reapply voltage resulted in the same breakdown occurrence, and it was decided to
terminate the test program until the channel could be disassembled for inspection. As a result, it
was not possible to complete all of the planned test runs, particularly the high-pressure tests and
the test sequence to match the NASA Ames test conditions.
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A.1.8 Comparison with Theoretical Models
The calculated values of average conductivity based on the experimental measurements are
compared with theoretical calculations of conductivity in Figure A. 1- 45 for the nominal 10-atm
data. The theoretical values were calculated with the modified version of the NASA CEC Code,
using the Demetriades and Argyropoulos conductivity model (Ref. 38). The conductivity values
calculated from the experimental measurements both at contact surface passage and at peak
current are shown in Figure A. 1- 45. In general, the measured conductivities are lower than the
theoretical values, with the experimental conductivities ranging from a factor of 2 above theory
at low temperatures to a factor of 4 below theory at the highest temperatures using the peak
current. The experimental results are uniformly lower than theory using the current measured at
the passage of the contact surface. The experimental results ranged from a factor of 5 below at
low temperatures to a factor of 13 below the theory at high temperatures.
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Figure A.1- 45. Comparison of experimental and theoretical conductivity of 1% weight
fraction K2CO J seeded air plasma for nominal pressure of 10 attn.
Note the experimental conductivity values have not been corrected for boundary layer blockage
effects, although as discussed above, the data were corrected for electrode voltage drops.
Applying a boundary layer blockage correction would increase the values of the experimental
conductivities. The effective core area for current transport is given by:
A;--(R-8;)' (A.1- 23)
where the oxial electrical current displacement thickness is:
(A. 1- 24)
and the effective core conductivity is:
/L
,_ - .,. (A.1-25)
V/'I c
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The effect of conductivity depression in the boundary layer is illustrated in Figure A. 1- 46, which
shows the influence of 6" j/R on the ratio of conductivity in the uniform core of the flow to the
average conductivity. This curve shows that correcting for the effect of current depression in the
boundary layer will improve the agreement. However, at the higher temperatures it is obvious
that an unrealistic correction would be required to bring the measured values (Fig. A. 1- 45) in
line with the theory.
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A volt-amp curve for the nominal 10-atm data at 1% seed rate is shown in Figure A. 1- 47.
Curves are shown representing the electrical current trend with increased voltage for both the
applied voltage and the effective core voltage. In general, the shapes of the curves are quite
similar. Note that the curves would be linear if the electrical conductivity were constant, since:
I L
V = ---- (A. 1- 26)
All three data points were at the same estimated temperature T2, thus the break in the curve is
consistent with (but not a confirmation of) an increase in conductivity due to Joule heating. This
is evaluated further in the following paragraphs.
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Figure A.1- 47. Volt-Amp curve for 1% K2COj seed air plasma at nominal pressure of 10 atn_
Two simple models made estimates of the temperature increase due to Joule heating. In the first,
the increase in temperature was calculated by performing an energy balance (neglecting heat loss
to the walls) on the slug of gas passing through the channel during the period of time for which
measurable current flux was observed. From Figure A. 1- 39, this period is approximately 185
/_s. The energy added to the slug is given by:
for Run 26A June 1997.
period is:
_I(t)AVc(t)dt = 0.28J (A.1- 27)E
Similarly, the mass of the slug passing through the channel during this
m = fp2u2Adt = 4.2 x 10-4kg (A. 1- 28)
For a relatively small change in temperature, a perfect gas approximation can be used to estimate
the temperature increase:
E/m
AT - - = 0.34K (A.1- 29)
cp cp
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for thisrun. A similarcalculationfor Run27AJune1997givesatemperatureriseof only 0.58
K. By using the steady flow energy equation (again neglecting heat loss to the walls), a second
estimate was made.
_h t pv • ndA = I_ (A.1- 30)
For a quasi-l-D perfect gas approximation, this approach gives an increase in total temperature.
Wm_x
AT,_ - rhCp = 3.21K (A.1-31)
Thus, Joule heating does not appear to be sufficient to explain the break in the V-Icurve. If we
calculate the average conductivity for the test points shown in Figure A. 1- 47, values of 4, 5, and
8 mho/m are obtained for test points 26A, 26E and 27A, respectively. The increase in
conductivity fi'om 5 to 8 mho/m only requires a temperature change of about 100 K that is within
the estimated uncertainty in T2 (Section A.1.6.3). Thus, the shape of the V-lcurve is likely to be
influenced more by run-to-run variations in T2 than by Joule heating.
A plot of average conductivity vs. temperature for the nominal 20-atm tests is presented in Figure
A. 1- 48. The absolute levels of conductivity are considerably higher than the theoretical
predictions for this set of data. A much flatter trend with increased temperature is also observed.
The measured current levels were much higher for these cases but an analysis of the temperature
rise due to Joule heating again showed the conductivity increase should be quite small. Also, the
possibility of leakage current due to a breakdown of the insulators cannot be discounted as it was
during this sequence of tests in which the electrical breakdown occurred.
Figures A. 1- 49 and A.1- 50 present an estimate of the conductivity variation throughout the
length of the conductivity measurement channel from the entrance to the exit. A nominal 10-atm
condition (Run 26A June) was analyzed in Figure A. 1- 49 using the first five electrode probes to
determine the inlet conditions and the last five electrode probes to determine the exit conditions.
A similar procedure was used on a nominal 20-arm case (Run 28C June) and presented in Figure
A. 1-50. The low-pressure case (Figure A. 1- 49) has no increase in conductivity throughout the
length of the measurement channel, suggesting the Joule heating was negligible. For the high-
pressure case, (Figure A. 1- 50), the exit conductivity measurements were slightly higher than at
the entrance. The increase in conductivity was small compared with the overall magnitude of the
conductivity, indicating very small amounts of Joule heating.
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Figure A.I- 48. Comparison of experimental and theoretical conductivity of 1% weight
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Figure A. 1- 51 represents a plot of experimental and theoretical conductivity vs. temperature for
a seed rate of 0.046%. The nominal pressure for this data set is 10 atm. A cross plot of
conductivity vs. seed percent is shown in Figure A. 1- 52. The accuracy in seed mass fraction at
the lower levels is somewhat questionable since these values are at the lower limit of the
resolution capability of the seed injection system. The trends are certainly realistic with the
exception of the 2% seed rate point that would suggest enhancement due to Joule heating since
the peak current level for this test was 71.3 amps. Based on the conditions at the time of peak
current and of passage of the contact surface, analysis of the high seed rate test (27]3 June 1997)
indicated temperature rises of 24.0 K and 13.4 K, respectively. Thus, the effects of Joule heating
should be minimal.
A comparison between experimental and theoretical conductivities for a seeded N2 plasma is
presented in Figure A.1- 53 for a nominal pressure of 10 atm. The experimental conductivities
for seeded N 2 are considerably higher than for seeded air whereas the theoretical values for the
two plasmas are roughly comparable for the Demetriades and Argyropoulos model. The
measured values of conductivity ranged from 85% of theory for the peak current and 75% of
theory at the contact surface current at higher temperatures to 3.3 times the theory for the peak
current and 2.3 times theory for the contact surface current at low temperatures. Thus, the
phenomenon of electron attachment by positive O5 ions postulated by MSE appears to have some
degree of validity.
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A.1.9 Summary
The research program conducted at UTA resulted in the development of a new detonation-driven
shock tube facility with increased performance over the existing UTA pressure-driven facility.
The performance of the facility with the original arc ignition mode was considerably lower than
predictions based on ideal shock and detonation wave models. This reduced performance was
shown to be a result of the interaction between the Taylor rarefaction wave and the reflected
shock wave for the downstream propagation mode of operation. For the upstream mode, the
gradual rise in end-wall pressure resulting from the failure to directly initiate a CJ detonation
wave is the most likely cause of the lower performance. Furthermore, in this mode the initial
flow behind the incident detonation wave is in the upstream direction, and requires a stronger
expansion wave to reverse the direction of flow.
Implementation of the shock-induced detonation mode proposed by Bakos and Erdos of GASL
(Refs. 23 and 24) provided a considerable increase in performance. Peak shock Math numbers
of 10.7 have been achieved to date. By proper tailoring of conditions, it is possible to eliminate
the trailing Taylor rarefaction wave associated with the arc ignition mode. This concept has far-
reaching potential for improving shock tube and shock tunnel performance at reasonable capital
investment, and UTA plans to implement it into a reconfiguration of their hypersonic shock
tunnel upon completion of this effort.
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Thebasic approach proposed by Garrison (Ref. 37) for measurement of the electrical
conductivity of seeded air plasmas was implemented in a shock tube environment. Generally
consistent results were obtained but the interpretation of these results was complicated by the
observation of current flow after the theoretical estimated time of passage of the contact surface
through the conductivity channel. The contact surface should separate the seeded air plasma
from the unseeded detonation products but obviously the detonation products must also contain
seed in the mixture. The estimated conductivity for unseeded detonation products is too low to
explain the continued rise in current after the predicted contact surface passage.
An analysis was conducted to determine the effect of seed entrainment in both the air test gas and
the detonation products. This analysis was based on the assumptions of uniform seed
distributions in both regions for the dtwation of observed current flow and instantaneous
vaporization, dissociation, and ionization of the seed. The relative seed mass fractions in the two
regions were based on an integration of the current versus time for each region to calculate the
representative amounts of electric charge. This model helps to explain the continued rise in
current following passage of the contact surface; however, the shape of the current vs. time
curves suggest that finite rates of vaporization, dissociation, and ionization of the seed are
influencing the shape of the curve. Furthermore, the effect of non-uniform seed distribution in
the driven tube cannot be ruled out. An analysis was also conducted for estimating the effect of
Joule heating on the measurements. In general, the effect of Joule heating was minimal.
The observed variation of conductivity with temperature for the seeded air plasma resulted in a
slower rate of increase than the theory would predict. Also, the observed magnitude of
conductivity was considerably lower than the theoretical magnitude for the 10-atm data. In
contrast, fairly good agreement was achieved for higher pressures.
The results of the conductivity measurements with a seeded N2 plasma appear to give some
support to the theory of electron attachment by the positive O 5 ions in a seeded air plasma.
Measured conductivities for the N2 plasma were on the order of 2 to 3 times larger than
comparable measurements for the air plasma whereas the theoretical values calculated from the
CEC code using Demetriades and Argyropoulos conductivity model (Ref. 38) produced
comparable results for the two plasmas.
Two methods are currently being investigated for estimating the core conductivity from the
measured average conductivity values. One uses an existing steady flow MHD channel flow
code ('Ref. 43) to calculate boundary layer growth as a function of distance fi-om the channel
entrance. This length would then be used as a representation of the distance between the incident
shock wave and the conductivity channel in the actual transient conductivity channel flow. This
representation should give an approximation to the boundary layer blockage effect but it is not a
correct physical model. The other approach uses a time-accurate Navier Stokes Code developed
as part of the NASA/UTA Center for Hypersonic Research Program (Ref. 44) for analysis of
hypersonic equilibrium and nonequilibrium flow fields. This code includes MHD terms and is
being modified to incorporate the correct thermodynamic and transport property model to
simulate the flow in the conductivity channel. These results will be reported at a later date;
however, it is not anticipated these corrections will substantially change the results presented in
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thisreport. Theboundarylayersshouldbe relativelythindueto thehigh pressuresandtheshort
distancetraveledby theincidentshockwave. For examplein thetestrunanalyzedin Section
A.1.1.7,the incidentshockshouldbeabout0.8m downstreamof theconductivitychannelby the
time thecurrenthasrisento itspeakvalue. Thetime-accurateNavier-StokesCodeshould
answerthequestionregardingtheeffectof finite dissociationandionizationrateson the
observedcurrentversustimeplots.
Furthertesting is needed to provide more data at the higher-pressure levels. This will require
refurbishment of the UTA channel. Also, an extended section of driver tube ahead of the
conductivity channel should give longer test duration between the incident shock wave and the
contact surface. The current length was selected to minimize shock attenuation due to boundary
layer effects but a longer tube length would allow more time for the vaporization, dissociation,
and ionization reactions to approach equilibrium.
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A.I.ll Data Plots
Data plots for each test run are presented in this section. The sequence of plots for each test run
include
• Pressure vs. time from transducers located in the driven tube
• Voltage vs. time for the probe and powered electrodes for primary test window
• Current vs. time for primary test window
• Voltage vs. distance obtained by cross-plotting the voltage vs. time curves
• Average conductivity vs. time
The run log for the test program is presented in Table A. 1- 1
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Table A.1-1. Test program run log.
Date Gas K2CO3 VA PI * T1 Vs# M* T2* P2# C_S TCS les# AVc oes Tmax. lmax AVm Omax RM GN
6/ll * Air
6/13 A Air
6/13 B Air
6/14 A Air
6/16 A Air
6/19 A Air
6/19 B Air
6/20 A Air
6/20 B Air
6/21 A Air
6/21 B Air
6/21 C Air
6/21 D N2
6/21 E N2
6/24 A N2
6/25 A Air
6/25 B Air
6/25 C Air
6/25 D Air
6/26 A Air
6/26 B Air
6/26 C Air
6/26 D Air
6/26 E Air
6/27 A Air
6/27 B Air
6/27 C N2
6/27 D N2
6/27 E N2
6/27 F Air
6/28 A Air
6/28 B Air
6/28 C Air
s ax
% Volt atm K m/see K atm lasec msec Amp Volt Mho/ msec Amp Volt mho/
m m
0.05 600 0.13 298 2390 6.94 2590 7.48 225 il.00 2.52 605 1.01 i1.12 3.92 609 1.29 X 1
0.05 400 0.89 298 1520 4.40 1310 20.41 477 il.67 0.08 429 0.02 12.02 0.03 430 0.04 1 a
0.05 800 0.06 298 3270 9.42 3790 6.80 133 9.62 18.13 690 3.18 9.74 18.13 774 3.72 X
0.05 400 0.12 298 2610 7.54 2900 8.50 187 10.20 0.50 185 0.20 10.43 1.27 250 0.36 R
0.09 600 0.11 298 2540 7.33 2790 7.96 198 11.09 0.94 259 0.26 11.29 2.32 289 0.58 D
0.05 600 0.11 297 2540 7.33 2790 7.82 198 11.31 0.74 238 0.22 11.51 1.90 260 0.53 I-V 1_
0.05 800 0.16 297 2410 6.95 2590 9.32 220 8.39 0.91 476 0.14 8.57 2.14 517 0.30 I-V 1¢
0.05 700 0.28 299 2080 5.58 2080 11.90 284 10.82 0.24 451 0.04 11.05 1.17 478 0.18 I-V 1¢
0.05 600 0.26 299. 1910 5.49 1830 9.32 303 8.16 0.07 284 0.02 8.58 0.33 343 0.07 T l_
0.05 600 0.26 298 2080 6.00 2080 11.22 284 11.22 0.62 323 0.14 11.46 1.07 369 0.21 R 1
0.05 600 0.15 298 2540 7.33 2790 9.52 198 6.96 0.44 303 0.10 7.27 2.97 345 0.62 T I
0.05 600 0.15 298 2410 6.94 2590 8.50 220 6.49 0.17 178 0.07 6.88 1.46 390 0.27 T l
0.05 600 0.15 298 2290 6.59 2400 8.16 243 11.01 0.18 185 0.07 11.29 0.85 375 0.16 N2
0.05 600 0.16 298 2410 6.94 2590 8.84 220 11.42 0.42 208 0.15 11.69 1.23 359 0.25 N2
0.05 630 0.19 296 2410 6.98 2590 11.02 220 10.00 0.29 187 0.11 10.20 1.13 336 0.24 N2 3:
1 571 0.16 296 2540 7.33 2790 10.20 198 9.19 0.88 312 0.20 9.44 1.69 364 0.33 X
1 600 X 296 X X X X X X X X X X X X X X
1 675 0.12 296 2690 7.76 3010 8.50 185 21.99 5.02 322 1.18 22.13 8.24 385 1.54 X
1 815 0.10 296 2690 7.76 3010 7.48 185 24.23 4.66 563 0.90 24.36 5.54 441 0.90 X
1 417 0.12 296 2690 7.76 3010 8.50 185 17.43 2.70 193 2.70 17.62 13.66 211 4.65 I-V :
1 721 0.14 296 2410 6.94 2590 8.16 220 23.26 1.21 234 2.04 23.58 12.91 429 2.16 T
l 713 0.17 296 2290 6.85 2540 9.32 243 23.69 0.64 264 1.07 24.01 12.43 463 1.93 R
1 709 0.22 296 2180 6.28 2230 10.20 285 19.81 0.17 200 0.29 20.26 10.35 411 1.75 T
1 778 0.I0 296 2690 7.76 3010 7.62 185 20.86 1.96 367 !.88 21.12 35.68 466 5.37 I-V
1 703 0.10 298 2690 7.76 3010 7.48 185 19.51 2.11 535 3.97 19.77 49.80 393 8.95 I-V
2 618 0.11 298 2540 7.33 2790 6.80 198 15.92 17.16 242 0.48 16.16 71.33 241 21.32 D
I 580 0.12 298 2690 7.76 3010 8.50 185 17.63 72.21 186 27.94 17.76 81.81 184 31.91 N2
1 585 0.17 298 2290 6.94 2590 9.31 243 23.64 7.22 235 2.21 23.94 26.85 278 6.94 N2
1 586 0.32 298 1910 5.49 1830 11.56 303 23.68 0.62 167 0.62 24.04 9.58 335 2.05 N2
I 584 0.29 298 1990 5.74 1950 18.71 297 25.83 0.66 262 0.66 26.15 25.40 334 5.46 lip
1 575 0.21 298 2540 7.33 2790 13.61 198 23.42 2.80 287 2.80 23.66 67.54 232 20.90 lip
1 538 0.22 298 2690 7.76 3010 16.12 185 19.26 19.05 221 19.05 19.34 69.22 218 22.82 liP
1 750 0.26 298 2410 6.94 2590 15.31 220 18.34 16.69 318 16.69 18.41 95.51 320 21.48 lip
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I
12.0
A. 1-92
21 A JUNE 1997
0.50
E
O
(.-
E
v 0.25
._>
"0
t-
O
0
0.00
<
-0.25 i f i
11.0 11.5 12.0
Time (msec)
21 A JUNE 1997
600
550
50O
450
> 400
v
350
o 300
'o 250
200
150
100
50
0
-5O
1..j:///
0 1 2 3 4
Probe Location (#)
-- 10.95 rnsec
-- 11.10 msec
-- 11,15 msec
-- - 11.20 msec
..... 11.25 msec
-- 11.30 msec
A.1-93
21 B JUNE 1997
250
Q.
v
03
O_
Q.
200
15O
100
5O
-50
• ...,
Ej_
Channel 10
...... Cahnnel 11
"r
6.5
r
7.0
Time (msec)
7.5
21 B JUNE 1997
>
v
O
>
"O
_9
650
600
550
50O
450
400
350
300
250
200
150
100
50
0
-50
6.5
T
7.0 7.5
Time (msec)
l _ Probe 01
Probe 02
- r be 3
-- Probe 04
....... Probe 05
--- Probe 06
-- Probe 07
Probe 08
Probe 09
- Probe 10
m Probe 11
....... Probe 12
---- Probe 13
-- Probe 14
Probe 15
Probe 16
- Probe 17
-- Probe 18
....... Probe 19
--- Probe 20
--Total
A.1-94
21 B JUNE 1997
4.00
6.
E
<
c
0
3.75
3.50
3.25
3.00
2.75
2.50
2.25
2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00
-0.25
6.5 7.0 7.5 8.0
Time (msec)
8.5
21 B JUNE 1997
0.75
E
o
r-
E
v
t:)
.w
._>
o
-i
c
o
0
o
o
0.50
0.25
0.00
-0.25 , '
6.5 7.0 7.5
Time (msec)
8.0
A.1-95
21 B JUNE 1997
>
0')
o
>
"10
"-5
03
650
600
550
5OO
450
400
350
3O0
250
200
150
IO0
5O
0
-50
0
T T T
1 2 3 4
Probe Distance (inch)
-- 7.24 msec
-- 7.25 msec
-- 7.26 msec
-- - 7.27 msec
..... 7,28 msec
-- 7.29 msec
7.30 msec
-- 7,31 msec
-- 7,32 msec
-- 7.33 mse¢
-- - 7.34 msec
..... 7.35 msec
-- 7.36 msec
-- 7.37 msec
-- 7.38 msec
-- 7.39 msec
-- 7.40 msec
-- - 7.41 msec
..... 7.42 rn_ec
7.43 msec
-- 7.44 msec
-- 7.45 msec
-- 7,46 msec
21 C JUNE 1997
250
¢0
O..
U)
U)
P
0..
200
150
100
50
-5O
..,.,....,. ,..
Channel 10
....... Channel 11
6.0 6.5
Time (msec)
A. 1-96
21 C JUNE 1997
65O
60O
55O
5OO
450
400
350
•_ 300
"_ 250
200
_; 150
100
5O
0
-5O 1 T T
Probe 01
Probe 02
-- - Probe 03
---- Probe 04
....... Probe 05
--.- Probe 06
Probe 07
-- Probe 08
Probe 09
- Probe 10
---- Probe 11
...... Probe 12
---- Probe 13
--.. Probe 14
-- Probe 15
Probe 16
-- - Probe 17
m _ Probe 18
....... Probe 19
---- PRobe 20
--. Total
6.5 7.0 7.5
Time (msec)
21 C JUNE 1997
2.00
t_
E
¢-
O
"o
u_
m(D
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00
-0.25
6.5 7.0 7.5
Time (msec)
A.1-97
21 C JUNE 1997
0.50
E
E
0.25
.:>
O
E
O
O
0.00
>
<
-0.25
6.5 7,0 7.5
Time (msec)
21 C JUNE 1997
650
600
55O
5OO
, 450
400
350
300
250
200
150
100
50
0
-50 i i ! i
1 2 3 4
Porbe Distance (inch)
6.75 msec
6.76 msec
6.77 msec
-- - 6.78 msec
..... 6.79 msec
-- 6.80 msec
6.81 msec
-- 6.82 rnsec
-- 6.83 msec
-- 6.84 msec
-- - 6.85 msec
..... 6.86 msec
-- 6.87 msec
6.88 msec
6.69 msec
A.1-98
21 D JUNE 1997
250
03
Q.
v
U_
U}
P
Q.
2O0
150
100
5O
-5O
. ....... ...,..
i i
10.5 11.0
-- Channel 10
....... Channel 11
Time (msec)
11.5
21 D JUNE 1997
650
600
550
500
:> 450
Q) 400
E_
cO
•,- 350
O
> 300
250
(/)
200
15o
100
5O
-5O
.,..... " "_
i
11.5
Time (msec)
i
12.0
-- Probe 01
-- Probe 02
-- - Probe 03
---- Probe 04
....... Probe 05
--.- Probe 06
-- Probe 07
-- Probe 08
-- Probe 09
-- - Probe 10
-- -- Probe 11
....... Probe 12
---- Probe 13
--+- Probe 14
-- Probe 15
Probe 16
-- - Probe 17
-- -- Probe 18
....... Porbe lg
---- Probe 20
--Total
A.1-99
21 D JUNE 1997
1.25
E
<
v
¢-
L..
-I
O
-O
,=
1.00
0.75
0.50
0.25
0.00
-0.25 , ,
10.5 11.0 11.5
Time (msec)
12.0
21 D JUNE 1997
0.50
E
0
r-
E
"-" 0.25
tO
.I
.>_
"0
t-
O
0
® 0.00
<
-0.25 , ,
10.5 11.0 11.5 12.(
Time (msec)
A.I-IO0
21 D JUNE 1997
700
>
v
o')
o
"o
6OO
5OO
40O
300
200
100
•$7 •_>"
_-J __l ¸
f.. __ ______-_- -_-_- -_-_-_-_ --112, msec
/ 11.22 msec
11.23 msec
--. - 11.24 msec
II - 11.25 msec
. 6
11.27 msec
11.28 msec
.... 11.29 msec
0 1 2 3 4
Probe Distance (inch)
21 E JUNE 1997
200
150
100
ffl
_ 50
13.
0
-50
,.. .... ....,.........,
i
1 1.0
-- channel 10
...... Channel 11
Time (msec)
11.5
A.1-101
21 E JUNE 1997
650
600
55O
5OO
"-_ 450
>
400
•,-, 350
0
> 300
"o
250
co
m 200
150
IO0
5O
0
-50
11.0
h
,\
-- Probe 01
Probe 02
Probe 03
---- Probe 04
....... Probe 05
m.. Probe 06
--. Probe 07
-- Probe 08
-- Probe 09
w. Probe 10
-- -- Probe 11
....... Probe 12
--.- Probe 13
--.. Probe 14
-- Probe 15
Probe 16
- Probe 17
Probe 18
Probe 19
--.- Probe 20
Total
i !
11.5 12.0 12.5
Time (msec)
21 E JUNE 1997
1.5
o. 1.0E
<_
v
t-
t..
-I
C)
"o 0.5
m
03
CO(9
_E
0.0
11.0
i i
11.5 12.0 12.5
Time (msec)
A.1-102
21 E JUNE 1997
0.50
E
o
r-
E
v 0.25
"5
c
o
0
0.00
<
-0.25 , ,
11.0 11.5 12.0
Time (msec)
12.5
21 E JUNE 1997
700
6OO
.-. 5OO
c_ 400
o
>
"_ 300
m 200
100
0
"1"
2
Probe Distance (inch)
-- 11.59 msec
-- 11.6o msec
--- 11.61msec
-- -- 11.62 msec
....... 11.63 msec
--.- 11.64 msec
---- 11.65 msec
11.66 msec
11.67 msec
--- 11.68msec
-- -- 11.69 msec
4
A.l-103
24 A JUNE 1997
300
v
¢t)¢rj
13_
250
200
150
100
50
0
-50
• .......... ,
_ Channel 10....... l 1
9.0 9.5
Time (msec)
10.0
24 A JUNE 1997
>
v
i
o
>
"o
(n
70O
650
600
55O
5OO
450
400
350
300
250
200
150
IO0
5O
0
-50
9.5
!i
7 1
10.0 10.5
Time (msec)
tl _ Probe 01
-- Probe 02
- Probe 03
---- Probe 04
....... Probe 05
Probe 06
--.. Probe 07
Probe 08
-- Probe 09
-- - Probe 10
-- -- Probe 11
....... Probe 12
--.- Probe 13
Probe 14
Probe 15
Probe 16
- Probe 17
---- Probe 18
....... Probe 19
--.- Probe 20
Total
1.0
A.I-104
24 A JUNE 1997
1.5
c£
E
<
v
E
O
"o
0_
t_
1.0
0.5
0.0
-0.5 , ,
9.5 10.0 10.5
Time (msec)
11.0
24 A JUNE 1997
0.50
E
o
c-
E
v
°w
._>
o
"o
c
o
0
<
0.25
0.00
-0.25
9.5 10.0
Time (msec)
10.5 11.0
A.I-105
24 A JUNE 1997
700
65O
600
550
,,-, 500
>
450
E_r)
400
.,,...,
o 350
>
09
o_
Q)
300
250
200
150
100
5O
0
-50
0.0
10.10 msec
10.11 msec
- 10.12 msec
10.13 msec
10.14 msec
10.15 msec
10.16 msec
10.17 msec
10.18 msec
10.19 msec
10.20 msec
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Probe Distance (inch)
25 A JUNE 1997
300
250
200
03
Q- 150
t...
'-t
(/)
100
Q.
5O
• ,. • .
_ChannellO
....... Channel11
-50
8.5 9.0 9.5
Time (msec)
A.I-106
25 A JUNE 1997
>
v
t_
0
>
700
65O
600
55O
5OO
450
4OO
350
300
250
200
150
100
5O
0
-50 1 T T
9.0 9.5 10.0
Time (msec)
-- Probe 01
Probe 02
-- - Probe 03
Probe 04
....... Probe 05
--- Probe 06
-- Probe 07
-- Probe 08
-- Probe 09
-- - Probe 10
-- -- Probe 11
....... Probe 12
--.- Probe 13
---. Probe 14
-- Probe 15
Probe 16
-- - Probe 17
-- -- Probe 18
...... Probe 19
--,- Probe 20
---Total
25 A JUNE 1997
2.5
o
O..
E
<
v
r-
-I(.)
"O
G)
:3
¢t)
Q)
2.0
1.5
1.0
0.5
0.0
-0.5
I I I
9.0 9.5 10.0
Time (msec)
A.t-107
25 A JUNE 1997
0.50
E
O
r-
E
v 0.25
.__
l-
0
o 0.00
-0.25 l i l
9.0 9.5 lO.O
Time (msec)
25 A JUNE 1997
600
550
500
450
400
Q)
¢:_ 350
_3
4.."
o 300
"o 250
==
200
150
100
50
0
-50
0.0
I I I I I I , I
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Probe Distance (inch)
9.34 msec
9.35 msec
9.36 msec
-- -- 9.37 sec
9.38 msec
9.39 msec
-- 9.40msec
-- 9.41 msec
9.42 msec
9.43 msec
__b 9.44 msec ;
I
A.l-108
25 C JUNE 1997
200
150
u_ 100Q.
v
123
•_ 50
12.
-50
. . .....
,\
21.5 22.0
Time (msec)
:i- Channel 10 I
...... Channel 11
i
22.5
25 C JUNE 1997
7O0
650
600
55O
_. 500
450(D
400
o 350
>
"o 300
250
• 200
15O
100
5O
0
-50
21.5
!\Y:_,,,'%,^ C._. 'v
,'-.,_ _'_._ _,Z.._._2
I" 'f
_,.-.1 I B
__ .
-- Probe 01
Probe 02
Probe 03
---- Probe 04
....... Probe 05
--.- Probe 06
--,- Probe 07
-- Probe 08
-- Probe 09
-- - Probe 10
---- Probe 11
...... Probe 12
--.- Probe13
--.. Probe 14
-- Probe 15
-- Probe 16
- Probe 17
Probe 18
Probe 19
-- - Probe 20
--Total
22.0
Time (msec)
22.5 23.0
A.I-109
25 C JUNE 1997
10
Q.
E
<
v
¢-
L_
.=
o_
o0
21.5
!
22.0
Time (msec)
I
22.5 23.0
25 C JUNE 1997
2.0
E
r-
E
v
t_
._>
(.)
t-
O
O
>
<
1.5
1.0
0.5
0.0 -_
-0.5 I
21.5
I I
22.0 22.5
Time (msec)
23.0
A.1-110
25 C JUNE 1997
700
650
600
550
5O0
450
400
350
300
250
; 200
15O
100
5O
0
-50
0.0
i I I I I I I i
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Probe Distance (inch)
-- 22.03 msec
-- 22.04 msec
-- - 22.05 msec
---- 22.06 msec
....... 22.07 rnsec
---- 22.08 msec
22.09 msec
-- 22.10 msec
-- 22.11 msec
-- - 22.12 msec
22.13 msec
25 D JUNE 1997
200
150
-- Channel 10
....... Channel 11
¢n 100E).
v
ID
_ 50
0-
-50
23.5
i/L-". .: .. .
! •• i•
24.0
Time (msec)
24.5
A.I-lll
25 D JUNE 1997
850
80O
750
7O0
650
_-_ 600
>
"_ 550
500
---_ 4500
> 400
"o
350
300
® 250
200
150
100
5O
-5O
ri
"3
• .-_ _ .
" ; " _ J"_ v" "
I I I
24.0 24.5 25.0
Time (msec)
-- Probe 01
Probe 02
-- - Probe 03
---- Probe 04
....... Probe 05
i.. Probe 06
--. Probe 07
-- Probe 08
-- Probe 09
-- - Probe 10
-- -- Probe 11
....... Probe 12
---- Probe 13
--. Probe 14
-- Probe 15
Probe 16
-- - Probe 17
---- Probe 18
..... Probe 19
--,- Probe 20
---- Total
25 D JUNE 1997
o. 5
E
<
_-" 4
3
O
"o
2
_0
-1 I
24.0
i
24.5
Time (msec)
25.0
A.l-l12
25 D JUNE 1997
1.5
E
o
JE:
E
v
.>
t-
O
0
<
1.0
0.5
0.0
-0.5
232
I I
24.0 24.5
Time (msec)
25.0
25 D JUNE 1997
900
85O
8OO
75O
700
._. 650
> 600
_) 550
c_
500
o 450
"o 400
350
300
• 250
_; 200
150
100
5O
-50
0.0
I
1.0
I I I I
1.5 2.0 2.5 3.0
Time (msec)
I
3.5
24.26 msec
-- 24.27 msec
-- - 24.28 msec
---- 24.29 msec
....... 24.30 msec
-- - 24.31msec
---. 24.32 msec
24.33 msec
24.34 msec
-- - 24.35 msec
---- 24.36 msec
A.I-ll3
26 A JUNE 1997
03
v
--I
09
o_
13_
250
200
150
100
5O
-5O
16.5
-- Channel 10 1....... l 1
17.0 17.5
Time (msec)
26 A JUNE 1997
450
400
350
300
¢0 250
0
200
"0
150
03
100
5O
0
-50
17.0 17.5
Time (msec)
18.0
I I _ Probe 01Probe 02
-- - Probe 03
---- Probe 04
....... Probe 05
--- Probe 06
m• Probe 07
Probe 08
Probe 09
- Probe 10
m_ Probe 11
....... Probe 12
--.- Probe 13
--.- Probe 14
Probe 15
Probe 16
- Probe 17
-- Probe 18
....... Probe 19
m.. Probe 20
.. Total
18.5
A.I-ll4
26 A JUNE 1997
O.
E
<
v
c
O
-s
(/}
15
10
0
17.0
I I
17.5 18.0 18.5
Time (msec)
26 A JUNE 1997
E
o
r-
E
o
--s
"I0
c
O
O
O_
>
<
18.0
Time (msec)
18.5
A.I-ll5
26 A JUNE 1997
400
350
300
>
v 250
o
03
= 200
o
>
"o
m 15o
(n
100
50
0
-50
0.0
! i i i i i i 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Probe Distance (inch)
17.52 msec
17.53 msec
-- - 17.54 msec
---- 17.55 msec
....... 17.56 msec
--- 17.57 msec
--- 17.58 msec
17.59 rnsec
17.60 msec
-- - 17.61 msec
17.62 msec
26 B JUNE 1997
200
150
¢n 100
cL
if)
_ 5o
Q.
0
-50
I hannel 10....... Channel 1
22.5 23.0
Time (msec)
23.5
A.1-116
26 B JUNE 1997
8OO
750
700
65O
600
550
500
450
._ 400
350
300
250
200
150
IO0
5O
0
-50
23.0
|
"t r
23.5 24.0 24A
Time (msec)
Probe 01
Probe 02
- Probe 03
Probe 04
Probe 05
Probe 06
Probe 07
-- Probe 08
Probe 09
-- - Probe 10
-- -- Probe 11
....... Probe 12
--•- Probe 13
--. Probe 14
-- Probe 15
-- Probe 16
-- - Probe 17
---- Probe 18
....... Probe 19
--- Probe 20
-- - Total
26 B JUNE 1997
E
<
v
t-
O
"o
(II
15
10
0
23.0
J I
23.5 24.0 24.5
Time (msec)
A.I-ll7
26 B JUNE 1997
4
E
t_
2
=o
&
2o
-1 i f
23.0 23.5 24.0
Time (msec)
24.5
26 B JUNE 1997
700
650
600
550
.-_ 500
v 450
¢:_ 400
o 350
>
"_ 300
250
(t}
200
150
IO0
50
0
-50
0.0
T 1
0.5 1.0
"1" T
1.5 2.0 2.5
Probe Distance (inch)
3.0 3.5 4.0
-- 23.48 msec
-- 23.49 msec
-- - 23.50 msec
---- 23.51 msec
....... 23.52 msec
---- 23.53 msec
--.- 23.54 msec
-- 23.55 msec
-- 23.56 msec
-- - 23.57 msec
---- 23.58 msec
A.l-ll8
26 C JUNE 1997
300
250
200
150
or}
(n 100
.=
13_
50
-50
23.0
-- Channel 10
....... Channel 11
23.5 24.0
Tiem (msec)
26 C JUNE 1997
80O
750
700
650
6O0
> 550
500
450
O 400
>
"o 350(D
300
co
250
(D
:_ 200
150
100
5O
-5O
23.5 24.0 24.5
Time (msec)
t -- Probe 01Probe 02-- - Probe 03-- -- Probe 04
....... Probe 05
--- Probe 06
--.. Probe 07
Probe 08
Probe 09
-- - Probe 10
-- Probe 11
...... Probe 12
--- Probe 13
Probe 14
Probe 15
-- Probe 16
-- - Probe 17
---- Probe 18
....... Probe 19
_.- Probe 20
Total
A.1-119
26 C JUNE 1997
15
O.
E
t-
-I
0
"0
co
t_
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0
-1
23.5 24.0
Time (msec)
I
24.5 25.0
26 C JUNE 1997
E
"a
r-
E
v
._>
o
"0
t--
0
(D
Q_
<
3
2
1
0
23.5 24.0 24.5
Tiem (msec)
25.0
A.1-120
26 C JUNE 1997
700
650
600
55O
.-. 500
>
v 450
¢:_ 400
o 350
>
"o 300
-= 250
o_
200
150
lOO
5o
0
-50
0.0
1 i i i i i 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Probe Distance (inch)
-- 23.91 msec
-- 23.92 msec
-- - 23.93 msec
---- 23.94 msec
....... 23.95 msec
--.- 23.96 msec
--.. 23.97 msec
-- 23.98 msec
-- 23.99 msec
-- - 24.00 msec
---- 24.01 msec
26 D JUNE 1997
300
275
250
225
200
--. 175
15o
•_ 125
09
m 100
D_ 75
50
25
0 _:_ +•
-25
-50
19.0
'/+, I
.. .... ,..,...-. _
Channel10....... l11
19.5
Time (mse)
20.0
A.l-121
26 D JUNE 1997
8OO
75O
7OO
650
600
> 550
m 500
o)
450
I
o 400
>
'o 350
"- 300
o9
m 250
_D
2OO
150
100
5O
0
-50
19.5
,._.,...... _ "._._
/. ! "J";r'_--'-_-<"_,._./._._,/.,___'-_._? ;_ _<-_,
I t
20.0 20.5 21 .I
Time (msec)
Probe 01
-- Probe 02
- Probe 03
b_ Probe 04
....... Probe 05
--.- Probe 06
--.. Probe 07
-- Probe 08
Probe 09
- Probe 10
-- -- Probe 11
....... Probe 12
--.- Probe 13
m.. Probe 14
-- Probe 15
Probe 16
-- - Probe 17
---- Probe 18
....... Probe 19
--.- Probe 20
--Total
26 D JUNE 1997
15
(2.
E lO
<
t-
O
_ 5
19.5
i !
20.0 20.5 21.0
Time (msec)
A.1-122
26 D JUNE 1997
E
O
c-
E
v
._>
.._
0
>
.<
19.5 20.0 20.5 21.0
Time (msec)
26 D JUNE 1997
700
650
600
55O
5OO
450
g
400
350
3OO
"_ 250
200
150
100
50
0
-50
0.0
Probe Distance (inch)
20.16 msec
-- 20.17 msec
- 20.18 msec
20.19 msec
20.20 msec
20.21 msec
20.22 msec
20.23 msec
20.24 msec
20.25 msec
-- -- 20.26 msec
A.1-123
26 E JUNE 1997
300
250
200
Q- 150
--I¢t)
¢n 100(D
13.
50
0
-50
• .... _... . -.... . . .
20.0
l Channel 1 0....... l 1
!
20.5
Time (msec)
21.0
26 E JUNE 1997
>
v
o
>
"o
S
1000
950
900
850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100
5O
0
-50
20.5
r I
21.0 21.5 22J
-- Porbe 01
-- Probe 02
-- - Probe 03
---- Probe 04
...... Probe 05
--.- Probe 06
Probe 07
-- Probe 08
Probe 09
- Probe 10
-- Probe 11
....... Probe 12
Probe 13
Probe 14
Probe 15
Probe 16
Probe 17
Probe 18
Probe 19
_- Probe 20
--Total
Time (msec)
A.1-124
26 E JUNE 1997
4O
Q.
E
E
0
==
-I
35
30
25
20
15
10
5
0
-5
20.5
i
21.0
I
21.5
Time (msec)
22.0
26 E JUNE 1997
E
0
¢-
E
v
._>
"o
c
0
O
7
6
5
4
3
2
1
0
-1
20.5
J _
i I
21.0 21.5
Time (msec)
22.0
A.1-125
26 E JUNE 1997
>
G)
m
o
>
(t)
_E
8OO
750
700
650
60O
550
5OO
450
400
350
30O
250
200
150
100
50
0
-50 --'r
0.0 0.5
T 1 r T
1.5 2.0 2.5
Probe Distance (inch)
-- 21.02 msec
21.03 msec
- 21.04 msec
-- 21.05 msec
....... 21.06 msec
--.- 21.07 msec
--.. 21.08 msec
-- 21.09 msec
21.10 msec
- 21.11 msec
---- 21.12 msec
27 A JUNE 1997
2OO
f,f)
Q.
v
(f}
&o
D.
150
100
50
0
-50
18.5
Channel 10
....... Channel 11
i
19.0
Time (msec)
19.5
A.1-126
27 A JUNE 1997
>
v
O
>
o_
8OO
750
70O
650
600
55O
5OO
450
400
35O
30O
250
200
15O
100
5O
0
-50
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APPENDIX A, SECTION A.2

A.2 NASA AMES RESEARCH CENTER TEST PROGRAM
The results of experimental research conducted at NASA Ames for investigating the effects of
pressure, ionization fraction, and electric field strength on the electrical conductivity and
discharge characteristics in high-pressure, unseeded air are reported in this section.
Experimentally measured electrical property data is generally not available for air in the high-
temperature, high-pressure, and hypervelocity testing regime of interest in the MARIAH Project.
The experiments at NASA Ames were designed to provide insight into the electrical discharge
physics of high-pressure air.
Alkali metal seed materials, usually used to achieve ionization at low-temperature in MHD
accelerators, cannot be used in the spectroscopically-clean shock-tube facility used for these
experiments. Therefore, these experiments were conducted at high-temperature to thermally
achieve the same ionization fractions in air that would typically be achieved from the seed
species; thereby simulating experiments that simulate the electrical properties of the lower
seeded air.
Current and voltage were measured and high-speed photography and spectroscopic investigations
were performed to evaluate the electrical conductivity and discharge characteristics under various
conditions. The results of investigations at pressures up to 13 atm are discussed. This appendix
discusses the NASA Ames facility modifications to incorporate an electrical conductivity
channel as well as the experimental program for the investigation of the high-temperature
electrical discharge physics for pressures up to 13 atm. Electrical pseudo-conductivity
measurements at various pressures and applied voltages are reported. A compendium of all data
measurements obtained at the NASA Ames is included at the end of this appendix.
A.2.1 Overview
The purpose of the test program in the NASA Ames Electric Arc-Driven Shock Tube (NASA
Ames EAST) facility was to determine the effects of gas pressure, ionization fraction
(temperature), and electric field strength on current discharges in shock-heated, high-pressure (1
to 13 atm) air flows. These tests provided useful information on air conductivity and electron
dynamics and also allowed investigation of the influence of boundary layers on the discharges.
Data from the experiments aided in the development of computational plasma/fluid dynamic
models of MHD accelerators for airflow applications.
The investigations included:
.
o
Measurement of current and voltage across a pair of electrodes in a square channel to
measure the gas conductivity.
Study of the diffuse discharge/arc transition at these conditions using photomultiplier
tube light emission histories, high-speed videos, as well as current and voltage
histories.
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3. Studyofnonequilibriumeffects.
4. Spectroscopicinvestigationsto measure lectrondensityandtemperature.
High-pressuretesting (up to 25 arm) was included in the original test plan; however, several
factors resulted in limiting test section static pressure to a maximum value of 13 atm. Thus,
actual test section static pressures ranged from 1 to 13 atm. Most testing was performed at
temperatures of 5,500 - 6,000 K with shock-induced ionization fractions of about 10 "4that would
be typical for MHD accelerators. Some testing was performed at lower shock-induced ionization
fractions such as 10 "5,to focus on nonequilibrium effects. Voltage across the electrodes was
varied over a range of 5 to 1 or more for each post-shock pressure setting. A replaceable
skimmer section was designed and fabricated in various lengths to allow the boundary layer
thickness to be varied in the test section, however, only one length was used during the course of
this testing.
A.2.2 Test Section Hardware Development
Before describing the test section, a brief overall description of the EAST facility is presented.
This facility is a 10.16-cm-diameter shock tube with an electric arc-heated driver. Figure A.2- 1
shows a sketch (not to scale) of the facility. The arc in the driver is supported by a capacitor
bank, which can store up to 1.24 megajoules (MY) of energy at 40 kilovolts (kV). The driver gas
is usually H2, He, or He/Ar mixtures. Reflected shock pressures up to 50 MPa can be obtained
and shock velocities ranging from 1.5 to 50 kilometers per second (kin/s) have been obtained.
Further description of the facility is given in Refs. 1 and 2.
For these experiments, the facility was configured as follows: the driver- and driven-tube lengths
were 76.2 and 550 cm, respectively. A double diaphragm section was located between the driver
and driven tubes. The test section was approximately 62 cm long and was located at the end of
the driven tube. Finally, a 122-cm long extension was installed on the downstream side of the
test section. Using the diagnostic ports in this tube section, one could look directly up the
conductivity channel from the downstream end.
Figure A.2- 2 shows a cross-section view of the test section parallel to the axis and the diagnostic
ports. Figure A.2- 3 shows a cross-section normal to the axis and through the four 2-in.
diagnostic ports. Finally, Figure A.2- 4 shows an enlarged view of the upstream half of Figure
A.2- 2 and two views of the brass electrodes. The test section was 62 cm long and contained a 3-
cm- square channel inside an insulating Delrin TM liner. The maximum (reflected shock) pressure
rating of the test section was 27.5 MPa. A skimmer tube used to skim off the shock tube
boundary layer was located upstream of the panel. Three skimmer tubes of lengths 13, 23, and
33 cm were available to vary the boundary layer thickness in the square channel section. A
7-cm-long round-to-square transition section was located downstream of the skimmer tube.
A.2-2
Cables to
ca.pacitor._,,
DanK
Double
diaph..ragm
section New test section
I Driver I / Driventube >section< ;-
0
Main /
diaphragm(s)
Extra
driven tube
G
Figure A.2- 1. NASA Ames EAST shock tube facility (not to scale).
The main diagnostic station with four 2-in. diagnostic ports was located 10 cm downstream from
the end of the transition section. A pair of 3-cm-square electrodes (see Figures A.2- 3 and A.2-
4) were mounted in two of these ports. The remaining two ports were used to provide optical
access to the plasma discharge. However, it was possible to mount a pressure transducer in one
of the ports usually used for optical access. A pair of 1-in. diagnostic ports was located 23 cm
downstream of the electrodes. These were generally provided with a pressure transducer and a
photomultiplier tube to allow the measurement of the shock velocity and the test time duration in
the square channel. In this way, one could measure changes that may have taken place as the
shock moves from the 10.16-cm-diameter driven-tube to the 3-cm-square channel.
A.2.3 Diagnostics
The diagnostics were divided into four main groups, as follows:
1. Standard shock tube diagnostics - quartz crystal pressure transducers, ionization
gauge shock detectors, and photomultiplier tubes (PMTs).
2. Voltage and current measurements for the plasma discharge.
3. Nonspectroscopic optical measurements of the discharge involving light emission
histories using PMTs and high-speed videos.
4. Spectroscopic optical measurements of the discharge utilizing techniques designed to
measure electron density and the arrival of driver gas contamination.
The initial proposed deployment of diagnostics, referring to the diagnostic stations shown in
Figure A.2- 1, is listed below.
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Station C
Station D
Station E
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Station A - no diagnostics
- ionization gauge shock detector
- quartz crystal pressure transducer and PMT
- quartz crystal pressure transducer and PMT or ionization gauge
- discharge current and voltage
- PMT and/or high-speed video
- spectroscopic diagnostics
- quartz crystal pressure transducer and PMT.
- no diagnostics
PCB Corporation quartz crystal piezoelectric pressure transducers were utilized. Transducer
model numbers 111 A22, 113A24, and 113A21, with sensitivities of 1, 5, and 25 millivolts per
pound per square inch (mV/psi), respectively, were available. Each pressure transducer was
connected to a PCB Model 484B amplifier unit. The ionization gauge consisted of two 0.13-cm-
diameter wire electrodes that protruded 0.05 cm into the flow. A voltage of 50 V was applied
across the electrodes and upon arrival of the incident shock wave the sudden conduction of
electric current through the shock-heated gas produced a very abrupt voltage change at the ion
gauge output yielding a precise time for the passage of the shock. The PMT were types 1P21,
1P28, and RA56. For the shock velocity measurements at stations C, D, and F; the PMTs
viewed the shock tube flow through two slits of width 0.005 to 0.0125 cm oriented perpendicular
to the direction of shock motion. The slits were separated by distances of 7.5 to 15 cm and were
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mountedin asmalltubethatwasplacedjust outsideanacrylicwindowin thewall of thetube.
Thedischargecurrentmeasurements(currentsto topandbottomelectrodes)weremadeusing
Pearsoncurrenttransformermodels101,1025,and 110. The sensitivities of these transformers
were 0.01 volts per amps (V/A), 0.025 V/A, and 0.10 V/A, respectively. The discharge voltage
was measured with a voltage divider with the large resistance being about 120 K and the small
resistance being between 2 K and 12 K, as required. A second voltage measurement is obtained
by placing a 130-ohm resistor in parallel with the discharge and measuring the current through it
with a Pearson Model 110 current transformer (sensitivity 0.10 V/A).
Figure A.2- 4.
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In Runs 10 - 27, with current between the electrodes, the light emission history from the
discharge was recorded from station E using the 1P21 PMT mentioned above, but with the slit
nearest the test section (used for the measurements of shock velocity) replaced with three sheets
of paper. For Runs 29 - 51, the light emission history at station E was analyzed using two
monochromators. (A single monochromator was used for Run 28.) The monochromators used
are Bausch and Lomb TM instruments with input and output slits 0.25 to 0.50 mm wide and 1.1 cm
high. The distances from the slits to the mirror are 25 cm and those from the mirrors to the
gratings are 21 cm. The mirror diameters are 9.4 cm, and the gratings are square with 5-cm
sides. The gratings have 600 grooves/ram with a blaze angle of 13 ° and blaze wavelength of 750
nm. The distance between the test section and the entrance slits of the monochromators was 109
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cm,andeitheroneor two lenseswith focallengthsof 250mm andclearaperturesof 4.44cm
wereusedto imagethetestsectionon theentranceslitsof themonochromators.A singlelens
approximately54cmfrom thetestsectionwasusedfor Runs28- 41,andtwo lenseslocated25
and75cmfromthetestsectionwereusedfor Runs42 - 51. Monochromator#1wastunedto
lookat aHe line andusedaFairchildPMTwith anS1photocathodeandanappliedvoltageof
800V. Monochromator#2wastunedto look 10nmto onesideof aHe lineto determinethe
broadbandbackgroundradiationutilizing aPMT with an$20photocathodeandanapplied
voltageof 1,000V. Follow-onamplifierswith 15-VpowersupplieswereusedafterbothPMTs
to boostthesignallevels. By ratioingthemonochromatoroutputtimehistories(i.e., formingthe
ratioof theoutputof themonochromatortunedto theHe lineto theoutputof themonochromator
tunedto onesideof theHeline)anindicationof thearrivaltimeof Hedrivergascontamination
attheelectrodescanbeobtained.An abruptincreasein thisratio indicatesthearrivalof driver
gascontamination.
The high-speed videos taken at station E were obtained using a Hadland IMACON TM Standard
Model electronic camera with a P856 image converter tube and a sl lphotocathode. This can
capture a maximum of 12 frames during a run. The interval between the frames is 4 _ts. These
videos were to search for breakdown paths or concentrations of discharge current. They also
give information regarding the main shock wave, oblique shock waves offthe leading edges of
the electrodes, damage to the leading edges of the windows, the electrode glow regions, and hot
spots in these regions.
Figure A.2- 5 shows a schematic of the setup of a spectrometer for planned spectroscopic studies
at station E in the test section. In some cases, two spectrometers have been used to allow narrow
band and wide band spectroscopy to be performed simultaneously. To measure the electron
number density the Stark broadening of the 486.1-nm Hydrogen Balmer [3 line caused by the
electrons was determined. The driven-tube gas is typically seeded with approximately 5x 10 .3-
mole fraction of H2 to allow these measurements to be made. The electron number density, N_,
can be related to the full width at half maximum of the H-13 line, A_,s, as follows:
N_ = C(Nc, T)A2s 2/3 (A.2- 1)
where C(N_,T) varied only slightly with Nc and T (temperature).
The spectroscopic measurements can be made in two ways. With the slit perpendicular to the
axis of the flow channel, wavelength is in one direction and distance across the channel is in the
other direction. This allows the variation of the spectra across the channel to be studied. With
the slit aligned parallel to the channel axis, the variation of the spectra in the direction along the
channel axis is obtained. In this case the variation of the spectra for up to 5 cm along the
direction of the shock motion can be observed. This allows study of the development of
nonequilibrium processes after shock passage. Nonequilibrium studies at distances greater than
5 cm behind the shock wave could be made by delaying the time at which the spectra were taken
with respect to the time of passage of the shock wave.
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Figure A.2- 5. Arrangement of spectrometer, CCD camera, etc.,for spectroscopy at station E
in the test section. Sketch is schematic only and not to scale.
The signals from the pressure transducers, photomultiplier tubes, ionization gauges, and the
discharge current and voltage pickups were digitized and recorded using a data acquisition
system comprised of 12 high-speed digitizers made by the DSP Corporation.
The following additional data was taken for each test. Driver- and driven-tube pressure, as well
as pressure between the two diaphragms were measured before each test. The voltage on the
main driver capacitor bank was measured before and after the discharge. An oscilloscope trace
of the capacitor bank discharge current history was also obtained for each test, and voltage on the
plasma discharge capacitor bank was measured before each test.
A.2.4 Power Supply
The power supply was a Faraday rotator power supply obtained from the Lawrence Livermore
National Laboratory. A considerable amount of refurbishment was performed by NASA Ames
to make this unit operational. It contained a bank of three 240-microfarad (_tf) capacitors that
could be charged to 5,000 V. For these tests the power supply was operated with all three
capacitors, and the capacitors were switched by a National #NL-7703NP ignitron tube. The
minimum rated voltage of the power supply was 500 V.
The circuit used in the NASA Ames air conductivity and breakdown experiments is shown in
Figure A.2- 6. Three elements were added for this application: a) a ballast resistor; b) a voltage-
clamping device; and c) a parallel resistor. The ballast resistor limits the maximum current
through the plasma discharge and makes the V-I characteristic of the overall circuit stable. The
voltage-clamping device was a highly nonlinear resistor (metal oxide varistor or MOV) that
tended to maintain the voltage across itself constant as the capacitor discharged. The parallel
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resistorisusedto avoidplacingaveryhighvoltageacrosstheelectrodesbeforetheshockwave
arrivesandgasconductionstarts.
Theballastandparallelresistorshadto beableto handlelargeenergydeposition,havevery low
inductance,andbevariable.Theserequirementsweremetby designingandbuilding two
saltwaterresistorswith electrodespacingsof 5.3cmandelectrodeareasof 248cm:. By varying
theconcentrationof salt,theresistanceof theseresistorswasvariedfrom 0.1to 12ormore
ohms,whichwassufficientfor thesetests.TheMOVswerepurchasedfrom Harris
Semiconductors.At leasttwo of eachof thefollowingmodelnumberunitswereobtained;and
consequently,therewasat leastonespareavailablefor eachtype.
V881BA60 V 150LA20A
V481BA60 V 100RA16
V251BA60 V39RA16
V131BA60
Thecharacteristicsof theseunitscoveredasufficientlywiderangeto permitvoltageclampingto
beusedfor all proposedtestconditions.
Capacitor
bank
Switch
(ignitron)
II w
Ballast
resistor
Discharge
Voltage
Parallel
resistor
Figure A.2- 6.
LLNL power
supply
Electrode power supply circuit.
Supplied by NASA
Ames
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A.2.5 Integration, Verification, and Characterization
A.2.5.1 Mechanical Inte2ration
The integration of the test section into the EAST facility can best be described using Figure
A.2- 2. The test section was made with the same end diameters, alignment steps, and O-ring
grooves as the existing driven tube sections and was integrated into the EAST facility as shown
in Figure A.2- 2. The test section was fastened on both ends to existing driven tube sections
using eight 1.25-7 bolts or studs. The holes for the bolts are visible at the right end of the test
section in Figure A.2- 2. The holes for the studs are not visible at the left end of the test section
in Figure A.2- 2 because they are rotated 22.5 ° out of the section plane. After the test section was
integrated into the facility, electrodes, windows, transducer holders, etc. were inserted into the
six diagnostic ports of the test section. The complete facility was then closed up and a vacuum
check to the required base pressure was run without difficulty.
A.2.5.2 Power SuDvlv lnteeration
The power supply and the grounded cabinet containing the salt water resistors were located about
1.5 meters away from the test section and were connected together using RG-213 high voltage
cable.
A.2.5.3 Diagnostic Development
The voltages applied to the electrodes and the currents passing between the electrodes were
found to produce considerable electrostatic and electromagnetic noise on the data channels. The
main current leads to the electrodes were arranged to the fullest extent possible to provide
magnetic field cancellation to reduce the electromagnetic noise pick-up. A voltage divider was
used to determine the voltage across the electrodes. The large resistor of the divider was
120 kilohms (kohms) and the small resistor was varied between 2 k and 12 kohms (as required)
to provide the proper signal output levels. To reduce noise pickup the divider was placed in a
shielded box. One side of the divider was connected to the electrode at high potential, and this
was believed to produce noise problems at the digitizers used to collect the data. A second
method for measuring the voltage across the electrodes utilized a 127-ohm resistor placed across
the electrodes, and the current through the resistor was measured with a Pearson Model 110
current transformer. With this technique the input to the recording digitizer has no direct
connection with the electrodes in the test section. In general, the voltage histories from the two
techniques were found to agree reasonably well with each other. However, at very high currents,
the voltages from the divider were sometimes found to run 15 - 20% below those from the
current transformer during the period of heavy current draw that was believed to be due to noise
picked up in the instrumentation cables or in the digitizers. In these cases, the voltage data from
the current transformer was used in the data analysis.
A.2-10
It wasfoundthatundersomecircumstancesa certainamountof currentwaspassingfrom the
upperelectrodeathighpotentialto thegroundedpartof theshock-tubeupstreamof the
insulatingDelrin linerratherthanto thelowerelectrodeatgroundpotential. Theinsulating
Delrin linerextendsabout9 cmupstreamof theleadingedgesof theelectrodes,beyondthis the
tunnelwall is steelandcanprovideareturncurrentpathto ground.Downstreamof the
electrodestheDelrin liner extendsfor about40cm;therefore,thereshouldbevery little problem
with currentflowing downstreamto groundsincethelengthof theconductingslugof gasis
roughly25cm. Whenhighervoltagesareappliedto theelectrodesandheaviercurrentsare
drawn,thefractionof thecurrentpassingupstreamto thetunnelgrotmdis typicallyabout10%.
Forvoltagesof 40 - 90V appliedto theelectrodes,thefractionof thecurrentflowing to the
tunnelwall groundcanbesignificantlylarger(upto 50 - 60%)particularlyduringthefirst half of
thecurrentconductiontime. Sincetheobjectiveof thisstudywasto investigateonly currents
passingdirectlybetweenthetwo electrodes,all pseudo-conductivitieswerecalculatedbasedon
thecurrentto thebottomelectrode,i.e.,thecurrentpassingdirectlybetweenthetwo electrodes.
Forthephotomultipliertubes,monochromators,pectrometers,andtheHadlandIMACON
camera,signallevelsandfilm exposureswerenotedonthefirst shotor two, thenneutraldensity
filtersanddigitizer sensitivitieswereadjustedto providethebestsignallevelsandexposures.
A high-speedcamerawasusedto obtainimagesof theshock-heatedairflow throughthe
dischargeregion. ThecamerawasanearlyIMACON modeldesignatedbythemanufacturerasa
"StandardModel" (circa1970)consistingof a P856imageconvertertubewith anS11
photocathode.Imageswererelayedto thephotocathodefrom thetestsectionby a90-mmf/2.8
Zoomarlens. Althoughvariableframingrateplug-inmodulesareavailablefor thecamera,a
200,000frame/sunitwasusedfor all testsconductedduringthis investigation.
ThecameraimageswererecordedonPolaroidType57 film, andtheimagerecordwastriggered
byanSRSDG535delaygeneratorthatwasactivatedbyasignalfroman ionizationgaugeat
StationD, 77.37cmupstreamof theelectrodelocation.Thetriggerdelayto theIMACON was
setsotheshockwouldarrivewithin thesecondframefor anominalshockvelocityof 4.65km/s.
BoththetriggersignalandamonitorsignalfromtheIMACON thatcoincidedwith thefirst
imagewererecordedonadigital oscilloscopefor eachtest. Thisprovidedanindependent
determinationof thedelaygeneratorsettingandtheinternaldelayof thecamera.Beforeeach
test,thecamerafocuswaschecked,andtheviewwasalignedthroughoneof thePlexiglas
windows.Neutraldensityfiltersof variousattenuationwereusedto try to minimizefilm
saturation.
Measurementswereconductedbeforeandaftertheshocktubeteststo determinetheactual
interframeandexposuretimesof theIMACON. Thedelaygeneratorwasconfiguredto control
boththeIMACON andaXenonpulser,andthedelaywasvariedin 0.1_tsstepsto determine
whentheimageappearedanddisappearedfrom successiveframeson thePolaroidphotos.The
internaldelayto thefirst framewas1.2gts,the interframeratewasnominally4.0+ 0.1 gts, and
the exposure time was typically 1.0 + 0.1 _ts.
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Dependingon thetestconditionsandtheactualtriggertiming for agivenrun,severalflow
quantitiescouldbedeterminedfrom theimages.Thefirst quantitywastheflow Math number
thatwasmeasuredfrom theanglesof theobliqueshocksemanatingfrom thediscontinuity
betweenthetunnelwall andtheelectrode.In all but the most overexposed images, these shock
waves were easily discernable on both the top and bottom electrodes. Angles were determined
from a tangent measurement wherever possible, using a precision rule and dividers. For an
oblique shock wave, the Mach number can be determined from the Mach angle, kt, using the
following relation (Ref. 3).
M = [(tan/.0 2 + 1] v2 (A.2- 2)
Frequently, measurements from multiple frames for both the upper and lower shocks were
averaged to improve precision since individual determinations of the Mach number were
uncertain by + 0.15.
The other flow properties that could be determined from the images were related to the shock
velocity. For all recorded images (except the first two) the time-averaged shock velocity from
Station D to the test region could be measured. This was accomplished by determining the shock
location relative to the center of the electrode in the frame in which it first appears and resolving
the total time from the trigger, including the internal camera delay, time to the first image,
interframe timing, and frame exposure time. The average shock velocity determined from the
images is referred to as VCAV (velocity, camera-average) in the following tables and figures. The
precision of this measurement was quite high since the time between the trigger and the shock
image was large, and the distance traveled was also large, so that small errors in either had
minimal impact. However, note that the instantaneous shock velocity can be substantially
different from VCAv.
The instantaneous shock velocity, which is more valuable than the average velocity, could only
be determined for tests where an image of the shock wave was captured in successive frames.
By referencing the locations of the shock images to the known distance of the imaged electrode
spacing, the interframe travel distance was determined. This distance was then divided by the
framing interval (4 Its) to obtain the shock velocity, herein referred to as Vx, as it passes over the
electrodes. As expected, the precision of this measurement is less than that of VCAv, since the
distances are quite small. The estimated precision of the values of V_ are + 0.30 km/s.
Examples of the Polaroid photographs will be given for each of the three test conditions and will
be discussed in the sections to follow. Tables summarizing the measured quantities for all of the
tests at each test condition will also be presented.
A second camera system was implemented during the tests to attempt to measure the electron
number density in the shock-heated test gas flow. This instrumentation, consisting of an
intensified CCD camera and 218-mm focal length spectrometer with a 2,400-1ine/mm grating,
was installed during the tests and brought on line for measurements at the higher pressures.
Spatially and spectrally resolved images of the light emitted from the electrode region were
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recordedduringsomeof the 13-atmtestruns. Thedominantspectralfeatureswere from Iron
(Fe) and Chromium (Cr) transitions. These elements were probably introduced to the flow from
the walls and diaphragm, which are made of stainless steel. H-13 emission from the H2 added to
the driven gas was discemable, but the line width could not be resolved owing to the presence of
a strong overlapping Fe transition. This measurement will be repeated at more favorable, lower
pressure conditions in the future.
A.2.5.4 Characterization of Facility with Test Section
Table A.2- 1 shows the facility operating conditions that were found to produce the desired shock
velocity of 4.65 km/s at the electrodes. Of course the desired shock velocity is not achieved on
the first test at any condition. One starts with a rough-cut at the facility operating conditions, and
then the capacitor bank voltage, the main diaphragm thickness, and score depth are adjusted to
produce the desired shock velocity. This was done for the 2 and 5-arm test conditions. For the
13-alan test condition, the driver and main diaphragm conditions were held fixed, and the driven-
tube fill pressure was varied to achieve the desired shock velocity.
Table A.2- 2 shows the range of shock velocities obtained while the facility was operated at the
nominal operating conditions for each of the three different nominal test pressures. The variation
in shock velocities is rather wide, up to +6.5% for the 5-atm test condition. There are two main
reasons for this rather large shock velocity range. First, the diaphragm breaks not at a controlled
pressure but simply when sufficient electrical energy has been deposited in the driver to raise the
pressure to the diaphragm rupture pressure that typically has a +5-10% variation. Second,
electrical energy continues to be added to the driver after diaphragm rupture, leading to
additional compression and shock waves that follow the main shock wave and can combine with
it in an unpredictable manner. The shock velocities obtained during operation of the facility
under off-nominal operating conditions are given in the last rows of Table A.2- 2. Some of these
shock velocities were obtained at the beginning of the test series while searching for the nominal
operating condition. The highest velocities were obtained by deliberately increasing the
capacitor bank voltage or reducing the driven tube fill pressure. The low velocity shot at the
13-atm condition was obtained when the driver arc penetrated the insulating driver liner and
destroyed it.
In the following paragraphs the slowing down of the shock wave as it travels down the facility
and the methods used to calculate the shock velocity at the electrodes is discussed. Table A.2- 3
shows key dimensions along the facility. Note that the skimmer nose station moved back about
1.9 cm in the course of the test entry because it had to be re-machined several times after having
been struck by thrown diaphragm petals. Shock velocities were measured using a shock detector
at station B and PCB quartz crystal pressure transducers at stations C, D, E, and F. Measured
shock velocities for Runs 2 - 4 and 6 - 9 is given in Table A.2- 4. (The main diaphragm did not
break in Run 1 and a spurious trigger pulse caused the loss of all data in Run 5.) At the heads of
the columns the shock velocities are identified by the stations between which they are measured.
It was noted the ratio between the BC and CD shock velocities was variable, likely due to
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additionalshockwavesandcompressionwavescatchingupto themainshockwavebetween
stationsB andD.
Table A.2-1. Facility operating conditions used to obtain the desired shock velocity at the
electrodes.
Nominal test pressure (atm) 2 5 13
Driver
Gas
Fill pressure (MPa)
Capacitor bank capacitance
(micro farad)
Capacitor bank voltage (kV)
Main diaphragm
Material
Thickness (cm)
Score depth (%)
Nominal burst pressure (MPa)
Buffer
Gas
Fill pressure (kPa)
Buffer-driven diaphragm
Material
Thickness (cm)
Driven tube
Gas
Fill pressure (kPa)
He
0.851
861
19.7
304 SS
0.160
45
9.66
Ar
137
Mylar
0.00635
N20/N2*
0.694
He
2.13
1530
24.9
304 SS
0.160
20
35.2
Ar
341
Mylar
0.0153
N20/N2*
1.73
He
2.41
1530
32.5
304 SS
0.229
25
35.9
Ar
931
Mylar
0.0305
N20/N2/H2t
4.72
*53.2%N20, 46.8% N2 by partial pressure.
t52.925%N20, 46.575% N2, 0.5% H2 by partial pressure.
Table A.2- 2. Shock velocity ranges obtained for the three different nominal test pressures.
Nominal test pressure (atm) 2 5 13
Shock velocity range, nominal operating 4.52 - 4.90 4.35 - 4.95 4.54 - 4.89
condition (km/s)
Percent deviation from nominal shock Velocity -2.8/+5.4 -6.5/.+6.5 -2.4/+5.2
Additional shock velocity range, off-nominal 3.79 - 4.37", 4.16 - 4.22", 3.96**
operating condition (kin/s) 5.06t 5.38 - 6.29t
*Obtained at beginning of test series while searching for nominal operating condition.
tFacility deliberately operated at high shock velocity conditions.
**Bad shot, driver liner penetrated by arc and destroyed.
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Table A.2- 3. Key dimensions along the NASA Ames EAST facility.
Stations Distance from main Delta distances, Delta distances
Diaphragm Identification
(cm) (cm)
B
C
D
Skimmer nose
E (electrodes)
F
101.679
255.19
377.11
414.495-416.400
454.475
474.795
BC
CD
DE
EF
153.511
121.92
77.365
20.32
Table A.2- 4. Shock velocity measurements.
Run no. Shock vel., Shock vel., Shock vel., Shock vel., Shock vel., Slow down
BC CD DE EF DF ratio
(kin/s) (kin/s) (km/s) (kin/s) (kin/s)
2
3
4
6
7
8
9
4.582
5.221
4.029
4.767
5.197
4.992
4.680
4.618
5.188
4.024
4.618
5.233
5.059
4.618
5.090
4.959
4.524
4.726
4.618
4.233
4.481
4.835
3.876
4.284
5.009
4.884
4.461
7.07
7.52
6.30
On the other hand, the shock velocities CD, DE, EF, and DF showed much more consistent ratios
when the results for the various runs were compared. The shock wave slowed down 0.2-0.3 km/s
between the CD and DF measurements and 0.4-0.5 km/s between the CD and EF measurements.
In Runs 7 - 9, a pressure transducer was installed at station E allowing accurate measurements of
the EF shock velocity to be made. By plotting up the shock velocities of Table A.2- 4, it was
determined that the rate of slow down of the shock wave (km/s/cm) was about 7 times as much in
the skimmer tube and Delrin conductivity channel as in the 10 cm diameter driven tube. These
"slow down ratios" are shown in the last column for Runs 7 - 9 and are fairly consistent from
among tests. From the same plots it was determined that the shock velocity at station E (at the
electrodes), VE, could be very well estimated as v E = 0.9622x VDF, (where VDFis given in Table
A.2- 4). With windows installed at station E to allow the discharge to be observed, it was no
longer possible to have a pressure transducer at station E; hence, with current flowing between
the electrodes, the above correlation between v E and VDFWas used to estimate the shock velocity
at the electrodes.
For some runs with very heavy currents, electromagnetic noise pickup on the histories of the
pressure transducer at station F made it difficult or impossible to determine the time of shock
passage at station F. However, with lower currents it was found that there was a very consistent
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ratio between the time intervals between the shock passages at stations D and F and that between
the shock passage at station D and the start of the current between the electrodes. This ratio was
then established for a large number of runs with currents that were not too large. For the runs
with very large currents and poorly defined (or undefined) times of shock passage at station F,
this ratio was used to allow the DF time interval to be estimated from the time of shock passage
at station D and the time of the start of current flow. With this estimated DF time interval in
hand, the shock velocity at the electrodes was then estimated using the correlation between v E
and VDFgiven in the previous paragraph.
The test time available from the start of current flow until the arrival of driver gas contamination
was estimated in two ways. Since the driver gas is much cooler than the driven tube gas its
arrival at the electrodes should result in a rapid drop in conductivity and current passing between
the electrodes. In fact, such a rapid drop in current was observed in all of the tests. Figure A.2- 7
shows a plot of the test times estimated from the start of current flow to the bottom electrode
until the start of the final, rapid drop in current flow. The results shown in Figure A.2- 7, for the
three nominal test section pressures, are plotted versus the shock velocity at the electrodes. The
data show test times dropping from 50 - 70 _ts at shock velocities of 4.5 km/s to 40 - 50 l_s at 5.0
km/s to -30 I_s at 6.3 km/s.
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Figure A.2- 7. Times until driver gas arrival, estimated from the time of the start of the final,
steep drop in current to the bottom electrode.
A second method of determining the time of driver gas arrival was to use two monochromators
viewing the region between the electrodes at station E. These two monochromators, their optical
train, photomultiplier tubes, and amplifiers, etc., are described in Section A.2.3. The driver gas
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is pure He; and therefore, one monochromator (monochromator #1) was tuned to a He line, while
the second monochromator (monochromator #2) was tuned to a wavelength either 10 nm above
or below that of the He line chosen. Runs were made using the He lines at 501.6, 587.6 and
706.5 nm. The outputs of the two monochromators were ratioed in the postprocessing, and the
He driver gas arrival was taken to occur when the ratio (signal from monochromator # 1)/(signal
from monochromator #2) showed an abrupt increase. Monochromator data was taken on Runs
30 - 51. Examining the data from Runs 30 - 46 (17 runs), 8 runs appeared to show fairly definite
increases in the monochromator output ratio at times ranging from 28 _s before the start of the
final, steep current drop to 4 _s after the start of the current drop. Unfortunately, the remaining 9
runs often showed no indication of increase in the monochromator signal ratio at the appropriate
time or even showed drops in the monochromator ratio about the time when the He gas should be
arriving.
It was observed that electromagnetic noise pickup on the monochromator histories was severe,
and it was believed that this pickup was confounding and, at times overwhelming the actual
spectroscopic information conveyed from the monochromators. During the time period covering
Runs 30 - 46, a number of changes were made to attempt to improve signal-to-noise ratio of the
monochromator signals. The signal cables for the monochromators were initially rather long and
passed fairly close to the leads for the electrodes at station E; these cables were shortened and
moved away from the electrodes. Much of the spectroscopic work was done with
monochromator #1 tuned to the 706.5-nm line that was later shifted to the 587.6-nm line, which
is about 2.5 times stronger. The slits ofmonochromator #1 had been set at 0.50 mm or 0.25 mm
for most of the earlier runs; it turned out that a setting of 0.30 mm is considerably superior,
providing good rejection of broadband background radiation and 2 or more times as much output
as when the slits are set at 0.25 mm. For the last 8 runs the slits were set to 0.3 mm. Finally, for
the last 11 runs the top electrode (rather than the center of the flow) was imaged on the
monochromator-input slits. This images the high-electric field electrode fall region (rather than
the low-electric field free-stream region) on the monochromator-input slits. With these changes
at the 13-arm test condition, definitive increases in the monochromator signal ratio were
observed for Runs 47 and 49 through 51. (For Run 48 the slits were set to 0.25 man and the
increase in the signal ratio was smaller and not as definitive.) For Runs 47 and 49 through 51,
the helium driver gas contamination was observed to arrive 7 to 14 p,s before the start of the
final, steep drop in the current to the bottom electrode. Based on these results, it would appear to
be advisable to consider the final 10 p,s of data before the final, steep drop in current to be
suspect; due to the possible presence of driver gas contamination.
This section ends with a discussion of the state of the conductivity channel elements during and
after the 51 test runs of this test entry. At the end of the test entry, the brass electrodes showed
absolutely no signs of pitting, melting, arcing or damage of any kind. The interior of the Delrin
conductivity channel did not show any sign of physical damage, erosion, scoring, etc. to the
surface; however, the surface had turned from white to black apparently coated with a tough
residue of material originating in the driver. This coating, however, did not provide a
conductivity path large enough to support measurable current since it was determined that the
current observed before the shock wave arrival (with the maximum applied voltage) was always
zero. The Plexiglas windows survived up to 20 runs with minimum surface damage at the 2-atrn
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testcondition;however,atthe5 and13-atmtestconditionsthewindow surfacesfacingthehot
gas would begin the show fine surface cracking (without loss of material) after 1 to 3 runs. This
cracking was likely due to the intense thermal shock applied to the windows during the tests. At
the higher-pressure test conditions when the windows were judged to have been sufficiently
damaged by cracking, they were removed and refinished on a lathe. Since there were four sets of
Plexiglas windows available, a set of windows in good condition could always be dropped into
the facility while a damaged set was being refinished.
A.2.6 Results
A.2.6.1 At Nominal 2-Atm Test Condition
Table A.2- 5 gives the test conditions for the runs with current between the electrodes at the
nominal 2-atm facility operating condition. Runs 1 through 9, 20, and 24 were omitted since
these were made without current between the electrodes. Other runs were also omitted including
Runs 10 through 12, which were made with current measurements only to the top electrode, and
Run 13 for which the bottom electrode was inadvertently left disconnected. Runs 29 through 41
were made at the nominal 5-atm test condition, and therefore are not included in this table. Since
the descriptions at the heads of the columns are necessarily somewhat telegraphic, the data of
Table A.2- 5 will be reviewed by columns. Column 1 gives the identi_'ing run number. Column
2 gives the driven tube gas, with "N20/N2" denoting 53.2%N20, 46.8% N2 by partial pressure
and "N20/N2/H2" denoting 52.925%N20, 46.575% N2, 0.5% H2 by partial pressure. Column 3
gives the driven tube fill pressure. The temperature of the driver and driven tube fill gases would
always be about 295 K, the laboratory room temperature. Column 4 gives the shock velocity at
the electrodes, estimated as described in Section A.2.5.4. Columns 5 and 6 give the shock
pressures measured using the quartz crystal pressure transducers at stations D and F. The
pressures given at station D should be quite accurate and are higher than 2 atm because the shock
wave slows down between station D and the electrodes. The shock pressures given from the
pressure transducer located at station F, downstream of the electrodes, are often rather uncertain
or sometimes completely unavailable due to the very large noise pickup from the large current
between the electrodes on this transducer. In column 6, "(N)" and "(EN)" denote noisy and
extremely noisy pressure histories from the transducer at F. Where there is no entry in column 6,
the electromagnetic noise on the pressure history at F was so large that no information on the
shock strength at this station could be obtained. Finally, columns 7 and 8 give the voltage across
the electrodes measured using the current in the 127-ohm parallel resistor (see Section A.2.5.3) at
the beginning of current flow and 30 _ts after the beginning of current flow.
Figures A.2- 8 - A.2- 12 present representative data histories for Run 17 at the 2-atm nominal test
condition. Figures A.2- 8 - A.2- 9 show the voltage histories from the voltage divider and from
the current through the 127-ohm parallel resistor. Figure A.2- 10 - A.2- 11 show the current
histories to the top and bottom electrodes. Note that the current to the top electrode is about
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10%greaterthanthatto thebottomelectrodeandlikely aresultof thecurrentflowing from the
topelectrodeto thesteelwall of theshocktubeupstreamof theDelrin insulatorof the
conductivitychannel.(Seediscussionin SectionA.2.5.3.) In certainteststhereis alsosome
suggestionthatasmallfractionof thecurrent(5 - 10%)maybeflowing from thetopelectrodeto
thepressuretransducerholderabout20cmdownstreamof theelectrodes.However,this can
only occurafterabout45/asafterthestartof currentflow whentheconductinggasbehindthe
shockwavereachesthepressuretransducerholder.
Table A.2- 5. Test conditions for runs at the nominal 2-atm test condition.
Test no.
14
15
16
17
18
19
21
22
23
25
26
27
28
42
43
Dn tube
gas
N20/N2
N20/N2
N20/N 2
N20/N2
N20/N2
N20/N2
Dn tube
fill
pressure
(kPa)
0.694
0.694
0.694
0.694
0.694
0.694
Shock v
at E
(km/s)
4.653
4.585
4.895
4.540
4.723
4.563
Shock p
at D
(arm)
2.44
2.42
2.75
2.33
2.55
2.29
Shock p
at F
(atm)
1.80 (N)
1.72 (N)
2.00 (N)
1.40 (EN)
1.47 (EN)
2.19 (EN)
N20/N 2
N20/N2
N20/N2
N20/N2
N20/N2
N20/N2
N20/N2
N20/N2/H2
N20/N2/I-I 2
0.694
0.694
0.694
0.694
0.694
0.694
0.694
0.686
0.841
4.676
4.747
4.623
5.062
4.840
4.541
4.541
6.286
5.377
2.86
2.76
2.72
3.39
3.07
2.60
2.68
4.78
3.97
2.60 (EN)
1.91 (N)
Voltage
at 0 gs
(v)
174
172
324
186
277
371
229
509
712
95
92
92
46.6
45.5
187
Voltage
at 30 Its
(v)
122
128
150
146
163
219
143
318
370
83
8O
83
40.3
44.5
115
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Figure A.2- 8. Run 17, voltage across electrodes determined by divider.
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Figure A.2- 9. Run 17, voltage across electrodes determined by current in resistor.
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Figure A.2- 12. Run 17, pseudo-conductivity calculated from current to bottom electrode and
voltage from divider.
Figure A.2- 12 shows the history of the "pseudo-conductivity," t_, as calculated from the
following equation,
L/(t) (A.2-3)
cr(t)=AE(t )
where o( t ) is the pseudo-conductivity, L is the spacing between the electrodes, 1( t ) is the
current to the bottom electrode, A is the electrode area, and E( t ) is the voltage across the
electrodes. Because it more accurately represents the current between the electrodes, or( t ) was
calculated using 1( t ) from the bottom electrode, E( t ) from the voltage divider at lower and
moderate currents and from the current through the 127-ohrn resistor for the heaviest currents,
L=3.1 cm and A=9.61 cm 2. Obviously o( t ) is not the true conductivity since it is calculated
including the voltage drops across the electrode fall regions. At this point in time, without
additional floating potential electrodes, the true conductivity cannot be obtained.
For the histories given above, note that the origins of the abscissae are arbitrary and simply
reflect the time of the stop trigger of the data acquisition system. However, in all cases the time
spanned by the range of the abscissae is 100 _ts.
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FiguresA.2- 13throughA.2- 16presentcompilationsof thehistoriesof thepseudo-
conductivitiesbasedonthecurrentdatafor thebottomelectrode.Thevoltagesmeasuredat the
beginningof currentflow and30 Itsafterthestartof currentflow aswell astheshockwave
velocityattheelectrodesaxe given in the legend. The voltages axe also given on each curve.
Figure A.2- 13.
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Figure A.2- 15. Pseudo-conductivity histories for 2-atm nominal test condition.
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Figure A.2- 16. Pseudo-conductivity histories for 2-atm nominal test condition.
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Figures A.2- 13 - A.2- 15 show the pseudo-conductivities for the f'trst 13 runs shown in Table
A.2- 5, plotted with three different ordinate scales of pseudo-conductivity. There is some
overlap of the pseudo-conductivity curves between the three figures to allow the effect of the
applied voltage to be more clearly seen. The results for Runs 42 and 43 are shown separately in
Figure A.2- 16 because of the considerably higher shock velocities deliberately chosen for these
runs.
Most of the histories show the following features (with times now measured from the start of
current flow): the pseudo-conductivities rise very rapidly for the first 7 - 20/as, then rise more
slowly for a period that is usually between 15 and 30 laS, but can range from 7 to 35 _ts. The rise
in pseudo-conductivity is generally followed by a plateau in conductivity lasting usually 15 to 20
/as, but occasionally up to 30/as. The pseudo-conductivity then starts to fall steeply 40 - 60/as
after the start of current flow. Note that at a nominal shock velocity of 4.6 krn/s, it takes the
shock wave about 7/as to cross the electrode face. Thus, the first part of the initial steep rise in
pseudo-conductivity likely reflects the fact that it takes about 7/as for the shock wave to
completely fill the region between the electrodes with heated gas. However, the pseudo-
conductivity continues to rise substantially between 7 and 20 - 40/as after the start of current
flow. Two possible explanations are as follows: a) the electron population may take this long
after the shock wave passage to come up to a value that is in equilibrium with the gas
temperature and the prevailing electric field; b) the current may be flowing mainly in the
boundary layers that extend between the electrodes and these boundary layers will initially
thicken very rapidly with passing time but will tend to stabilize at a constant thickness. Finally,
the rapid drop in pseudo-conductivity is believed to be due to the arrival of the much cooler
driver gas 40 to 60/as after the start of current flow. (See discussion of Section A.2.5.4.)
As mentioned at the beginning of this section, the above-described behavior is typical for most of
the tests. For Run 28 with the very low applied voltage of 47 V, the pseudo-conductivity shows
a somewhat different behavior. The pseudo-conductivity remains very low for approximately the
fn'st 20 Its and then begins to rise. This behavior may occur because the electron population may
take 30 - 40 gs to arrive at a value that is in equilibrium with the gas temperature.
Figure A.2- 17 shows the pseudo-conductivities 30 gs after the start of current flow plotted
versus shock velocity at the electrodes for all test runs at the 2-atm test condition. The voltage
(in Volts) across the electrodes 30/as after the start of current flow is shown beside each
experimental data point. The smooth curves give the calculated equilibrium electron mole
fractions behind the shock wave for the 2 arm and the 5-atm test conditions. These mole
fractions were calculated using the computer program of McBride and Gordon (Ref. 4). The gas
conductivity should be nearly proportional to the electron mole fraction. Unforttmately, there
was sufficient spread in the shock velocities (see Table A.2- 5 and Figure A.2- 17) to potentially
produce significant variations in gas conductivity due to the shock velocity effect alone, thus
obscuring the effect of the changes in the voltage applied across the electrodes. Using the data
shown in Figure A.2- 17, the following technique was developed to correct for, to some extent,
the shock velocity variations. Four lines were drawn in Figure A.2- 17, each line joining points
with similar applied voltages. One line was drawn between the 40- and 45-V data points; a
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secondlinefit thetrendof the80-,83-and83-Vdatapoints;a third linebetweenthe 122-and
115-Vdatapoints;andafourth line fit thetrendof the143-,163-,and150-Vdatapoints.
Theslopesof thethreehighestof theselinesweredeterminedto bereasonablyclose. The
averageof thethreeslopeswaschosen,andthefollowingcorrectionfactorwasdeterminedto
correctthedatato thenominalshockvelocityof 4.65kin/s:
fc = 818.24 exp(-1.4424u s ) (A.2-4)
where us is the shock velocity in km/s, andf_ is the correction factor. The correction factor is
applied to the current between the electrodes; the voltage across the electrodes is left unchanged.
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Figure A.2- 17. 2-atm test conditions, pseudo-conductivities 30/As after start of current flow
plotted versus shock velocity. Voltages across electrodes are shown next to data points.
Curves show calculated equilibrium electron mole fractions behind shock wave for the 2-atm
and 5-atm test conditions.
Figure A.2- 18 shows the pseudo-conductivities 30 _ts after the start of current flow plotted
versus the voltage across the electrodes 30 _ts after the start of current flow. In Figure A.2- 18,
the pseudo-conductivities have not been corrected for the shock velocity effect. Figure A.2- 19
A.2-26
shows the data of Figure A.2- 18 with the pseudo-conductivities now corrected for the shock
velocity effect. The scatter of the data is considerably reduced by the application of the shock
velocity correction. Many graphs to be presented later will have the shock velocity correction
applied to the data. Figure A.2- 20 shows the pseudo-conductivities 30 9s after the start of
current flow plotted versus the voltage across the electrodes at the start of current flow. Figures
A.2- 21 and A.2- 22 correspond to Figures A.2- 19 and A.2- 20, but represent the conductivities
measured for 15 rather than 30 Its after the start of current flow. The correction factor for the
shock velocity effect in this case was:
fc = 413.45 exp(- 1.2956u s) (A.:- 5)
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Figure A.2- 18. 2-atm test conditions, pseudo-conductivities 30 Its after start of current flow
plotted versus voltage applied across electrodes 30/zs after start of current flow. Not corrected
for shock velocity effect.
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Figure A.2- 19. 2-atm test conditions, pseudo-conductivities 30 #s after start of current flow
plotted versus voltage applied across electrodes 30  .Is after start of current flow. Corrected for
shock velocity effect.
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Figure A.2- 20. 2-atm test conditions, pseudo-conductivities 30 ,us after start of current flow
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velocity effect.
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Figure A.2- 21. 2-atm test conditions, pseudo-conductivities 15/zs after start of current flow
plotted versus voltage applied 15/zs after the start of current flow. Corrected for shock
velocity effect.
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Figure A.2- 22. 2-atm test conditions, pseudo-conductivities 15/zs after start of current flow
plotted versus voltage applied across electrodes at start of current flow. Corrected for shock
velocity effect.
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Figures A.2- 19 and A.2- 21, which show the pseudo-conductivities plotted versus the voltages at
the times the pseudo-conductivities were calculated, also show the following characteristics. The
conductivities rise from values of 0.01 - 0.04 Mhos/cm at voltages of about 40 V to values of
0.2 - 0.3 Mhos/cm at voltages of 100 - 130 V. At about 140 V, the conductivities rise very
steeply to about 0.6 Mhos/cm and then rise much more slowly to values of 0.75 - 1.0 Mhos/cm at
the maximum voltages of about 350 V. The rise at a voltage of about 140 V is very abrupt, the
conductivity doubling or tripling over a voltage range of 10 - 20 V, or less. The data of Figures
A.2- 20 and A.2- 22, where the conductivities are plotted versus the voltage applied at the start of
current flow show fairly similar trends to the data of Figures A.2- 19 and A.2- 21 with the
following differences. The voltages are now considerably higher, particularly at the higher
conductivities (i.e., at higher current draws) due the inability of the available power supply to
maintain the voltage at the heavier current draws. Further, the abrupt rises in conductivity at a
voltage of about 140 V in A.2- 19 and A.2- 21 are replaced by somewhat gentler rises in
conductivity between voltages of 180 and 350 V in Figures A.2- 20 and A.2- 22. This may
indicate that the conductivity values 15 and 30 _ts after the start of current flow are responding in
part, to the higher voltages applied at the start of current flow, as well as to voltage applied at the
instant the conductivity was calculated. While undesirable, this effect could not be avoided with
the power supply available to us during this test entry. Note that the increases in pseudo-
conductivity obtained as the applied voltage is increased from the minimum to the maximum
values are very large, by a factor of about 25 for Figures A.2- 19 and A.2- 20 and by a factor of
about 100 for Figures A.2- 21 and A.2- 22.
In general, the conductivities at 30 _ts after the start of current flow are about 20 - 30% larger
than those at 15 laS after the start of current flow, possibly because of the increase in electron
density in the time period between 15 and 30 las after the start of current flow while the electron
density is approaching a value in equilibrium with the gas temperature and the prevailing electric
field. Such increases in electron density have been observed after the passage of shock waves
travelling into At" at shock velocities and tube fill pressures in the ranges of those of the EAST
facility's experiments (Ref. 5). In the experiments of Reference 5 at a shock velocity of 4.2 krn/s
and a tube fill pressure of 0.688 kPa, the electron number density was observed to take about 20
Its to approach a fairly constant value. An additional reason for the increase in the conductivity
between 15 and 30 Its after the start of current flow may be the increase in the thickness of the
boundary layers with time. The electrode boundary layers may become less resistive when they
are thicker; and/or the sidewall boundary layers, if they carry a significant fraction of the current
flow, may offer better current paths as they become thicker. More detailed work is required in
these areas.
Figure A.2- 23 shows the pseudo-resistivity (the pseudo-resistivity is equal to 1/pseudo-
conductivity) 30 p.s after the start of current flow plotted versus the current to the bottom
electrode 30 _s after the start of current flow. Figure A.2- 24 shows the voltage across the
electrodes 30 _ts after the start of current flow plotted versus the current to the bottom electrode
30 Its after the start of current flow. Figures A.2- 25 and A.2- 26 correspond to Figures A.2- 23
and A.2- 24 but are for data 15 instead of 30 Its after the start of current flow. Each of these four
graphs also shows a line based on the theoretical equilibrium gas conductivity behind a shock
wave at the nominal shock velocity of 4.65 km/s. The resistance value used to generate the lines
A.2-30
in FiguresA.2- 24andA.2- 26wasbasedonthetheoreticalequilibriumconductivitybehindthe
shockwave,theelectrodeareaof 9.61cm2,andtheelectrodespacingof 3.10cm. With the
theoreticalequilibriumconditionsbehindtheshockwavecalculatedusingthecomputerprogram
of Reference4, theequilibriumconductivitieswereobtainedby interpolatingbetweenthevalues
givenin Reference6. At low to moderatevoltages(40- 140V) andcurrents(1 - 300A), the
pseudo-resistivityis abovethevaluecorrespondingto theequilibriumbulkgasconditionsbehind
theshockwavebeingasmuchas50-100timesthisvalueatcurrentsof-1 A.
Thisratiodropsto about15at currentsof M0 A and about 3 at currents of_100 A. Between
voltages of 140 and 330 V and currents of 300 and 700 A, the pseudo-resistivity appears to be
about equal to the value corresponding to the equilibrium bulk gas conditions behind the shock
wave; while at the highest current (1,100 A) 30/.ts after the start of current flow, it appears to be
about 30% below this value.
Consider the low to moderate (1 - 300 A) current range where the pseudo-resistivity increases
steeply as the current drops. If it is assumed that the conductivity of the bulk gas (away from the
electrodes) is not far from the calculated equilibrium value, it is clear that the resistivity of the
electrode fall regions must rise steeply as the current drops. This would appear to be in line with
negative voltage - current characteristics of electric arcs reported in Nottingham (Ref. 7) and
Cobine (Ref. 8).
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Figure A.2- 23. 2-atm test conditions, pseudo-resistivities 30/Is after start of current flow
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flow plotted versus current to lower electrode 30 ps after the start of current flow.
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flow plotted versus current to lower electrode 15 ps after the start of current flow. Corrected
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Figure A.2- 27. 2-atm test conditions, estimated electrode fall voltage 15/zs after start of
current flow plotted versus current to lower electrode 15 ps after the start of current flow.
Corrected for shock velocity effect.
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In Reference 9, use is made of the Nottingham equations to estimate the anode and cathode falls in
an MHD channel. Therein, it is postulated that the electrode fall regions being very near the cold
electrodes and away from the shock-heated free stream flow, behave as they do in a normal electric
arc. In the current range between 300 and 700 A, it is suggested the electrode fall voltages have
become so small compared to the IR drop in the bulk gas that the pseudo-resistivity is essentially
dominated by the bulk gas conductivity and hence, is reasonably given by 1/(bulk gas
conductivity). Such an interpretation would appear to be supported by Figures A.2- 23 - A.2- 26.
At the very highest current (1,100 A) 30 p.s after the start of current flow, the pseudo-resistivity
appears to be about 30% below this calculated equilibrium value. Such a phenomenon is
supported by only one data point at the 2-atm test condition but will later be shown to occur also
for the 5 and 13-atm test conditions. For this data point the power input to the gas can easily be
calculated to be -0.40 MW. From the equilibrium calculations of the conditions behind the shock
wave made using the program of Reference 4, the density, velocity and specific heat behind the
shock wave can be obtained. Hence, knowing the cross-sectional area of the flow channel, the
average temperature rise of the gas as it transits the electrode region can be calculated. Allowance
must be made for the slowing of the flow caused by the bulk heating, which converts a small
fraction of the kinetic energy of the flow into an additional static enthalpy rise. The gas
temperature rise calculated in this way is 280 K. The increases expected in equilibrium
conductivity for temperature rises of 280 and 140 K will be calculated. The equilibrium
calculations of conditions behind the shock wave for various shock velocities produce different
temperatures behind the shock wave. Using these results, the temperature increases of 280 and
140 K can be shown to produce an increase in the electron mole fraction of 47 and 21%,
respectively. The increase in the pseudo-conductivity (over the calculated equilibrium value) for
the 1,100 A data point 30 _ts after the start of current flow is 38%. Hence, simple ohmic heating
of the gas may be able to explain a substantial portion of the observed decrease in the pseudo-
resistivity for this data point. It is also possible that the higher electric field at this high current
condition could be producing some nonequilibrium ionization in the bulk gas.
From the data of Figure A.2- 26, an attempt to separate out the voltage drops across the electrode
fall regions and what will be separated out will be the sum of the voltage drops across the two
electrode fall regions will now be made. This is done by taking the voltages fi'om Figure A.2- 26
and subtracting IR drops for the core flow assuming various (constant) core flow resistances. The
resulting voltage drops across the electrode fall regions for assumed core flow resistances of 0.45
and 0.42 ohms are shown in Figure A.2- 27 plotted against the current to the bottom electrode. To
the left side of the peak voltage in Figure A.2- 27, the voltages are essentially independent of the
value chosen for the core flow resistance. Note that the voltage drop across the electrodes
apparently increases as the current increases from 1 to 100 A and then decreases as the current
further increases to -700 A. For assumed core flow resistances near 0.42 ohms and currents above
-100 A, it appears that one might be able to fit the experimental V-I characteristics of the voltage
drop across the electrode fall regions with a Nottingham (Ref. 7) type expression, i.e.,
C2 (A.2- 6)
V = C_ + I67
A.2-34
whereV is voltage, I current, and C_ and C2 are constants. Nottingham gives values of the
current exponent for 10 different pairs of electrode materials. He also gives an exponent of 0.67
for two copper electrodes, which is as close as can be achieved to the two brass electrodes. To
obtain the best fit of the Nottingham curve to this part of the voltage drop across the electrode
fall region would also involve finding the best value for the assumed core flow resistance. In
essence this would be equivalent to fitting the part of the data of Figure A.2- 27 for currents
above -100 A with an equation of the form:
C 2
V = C_ +_.67 + IR_ (A.2- 7)
where Rc is the core flow resistance. For lack of time, this data was not completed for this test
entry; however, it may be worth attempting. As mentioned previously, Figure A.2- 27 suggests
that a core flow resistance of about 0.42 ohms would allow a Nottingham type of equation to be
fit to the portion of the data for currents above 100 A. This value is rather close to the value 0.46
ohms, estimated as described earlier from the calculations of Viegas and Peng (Ref. 6) for
equilibrium flow behind the shock wave. However, it is clear that a Nottingham-type equation is
not going to apply to the portion of the curve of Figure A.2- 27 to the left of the voltage
maximum. From examining Figure A.2- 24 and the figures corresponding to Figures A.2- 24
and A.2- 26 for the 5 and 13-atm test conditions, it is clear that the general nature of the
estimated voltage drops across the electrode fall regions for all test conditions is fairly similar to
that shown in Figure A.2- 27. In other words, in the low to moderate current ranges the apparent
voltage drops across the electrode fall regions appear to show a positive rather than negative V-I
characteristic for all test conditions.
An example IMACON TM Polaroid photograph for test 18 at the 2-atm test condition is shown in
Figure A.2- 28. The test number, date, and test conditions are given at the top of the figure. The
flow is from left to right, and the frame sequence is identified below the figure. The times given
below the frames are measured from the start of current flow. The shock wave image first
appears in the fu'st frame. A second image of the shock appears in the second frame, which
allowed a determination ofV_. For this particular test, V] = 4.4 km/s and VcAv = 4.96 krn/s. The
oblique shock waves emanating from the leading edge of the electrodes are clearly visible in
frames 2-5, and Mach numbers determined from a measurement of the oblique shock angle are
given for each frame. In the images of frames 4 and 5, the shock waves are seen to cross and a
slight bend from this interaction is discernable. Glow from the flow region near the electrode
surfaces begins to overwhelm the rest of the field in the last three frames. The large dynamic
range of the light emission over this 28-_ts record period is evident from a comparison of the
faintness of the first two frame images with the near saturation in the last two. This aspect of the
testing meant that a complete flow visualization of the total test period was rarely achieved.
A summary of all photographs for the 2-atm case and the parameters measured from them is
given in Table A.2- 6 and Table A.2- 7. The shock velocities, pressures, and voltages were taken
from Table A.2- 5 with the exception of those for tests 13, 20, and 24. The time given is the time
of frame number 1 after the start of current flow. The remaining parameters in the Table A.2- 6
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are the velocities inferred from the photographs. Table A.2- 7 gives the Mach numbers read
from the oblique shock waves. Columns 2 through 5 give the experimental Math numbers
themselves and column 7 gives the frames in which they were measured. Column 6 gives the
theoretical Mach numbers in equilibrium flow behind a shock wave at the observed velocity at
the electrodes. These theoretical Mach numbers were calculated using the computer program of
Reference 4. Note that, in general, the observed Math numbers are 0.20 to 0.45 less than the
theoretical values. There are several possible explanations for this, which include boundary layer
growth, natural growth without electrical energy deposition, and enhanced growth due to
electrical energy deposition may help to throttle the flow somewhat and thus to reduce the Mach
number. At higher currents, energy deposition in the bulk gas may result in a Mach number
reduction. Furthermore, the relatively low experimental Math numbers may also be due in part,
to the fact that the experimental flow may not be in equilibrium. From the formulas of Reference
10, it may easily be shown that the theoretical Mach number behind a strong shock in an ideal
gas is given by:
ly 2 (A.2- 8)M_sh_ = (y'-- 1)
where ), is the specific heat ratio. M_=_k rises from 2.26 to 2.89 as 3' drops from 1.3 to 1.2.
Hence, the Math number behind the shock wave would be expected to be less than the
equilibrium value if all of the degrees of freedom of the gas are not excited, which would tend to
produce a 7 value greater than the equilibrium value.
Table A.2- 6.
Run no.
13
14
16
17
18
Results from IMACON photographs for runs at the nominal 2-atm test condition.
Shock vel.
_E
(km/s)
4.85
4.65
4.89
4.54
4.72
Shock press
atD
(atm)
2.57
2.44
2.75
2.33
2.55
2.29
Voltage
at start
of current
(v)
174
176
324
186
277
37119 4.56
20 4.61 2.43 0
4.7522 2.76 520
Time of fr.
#1 after start
of current
( ts)
-1.5
5.2
-5.8
V I from
Photo
(km/s)
VCA V from
Photo
(km/s)
4.90
5.05
4.80
1.2 4.6 4.96
-4.6 4.6 4.84
-3.1 4.6 4.82
-1.1 ........
4.5 4.7523 4.62 2.72 714 -5.6
24 4.72 2.84 0 0.7 4.5 4.97
25 5.06 3.39 95 -2.1 5.37
92
92
46.6
187
26 3.07
2.60
2.68
3.97
-8.2
-5.6
-6.2
-12.5
27
28
4.6
4.6
4.8
43
4.84
4.54
4.54
5.38
5.14
4.77
4.76
5.77
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Table A.2- Z
Run no.
Results from IMACON photographs for runs at the nominal 2-atm test condition.
Mach no. Math no. Math no. Mach no. Theoretical Frame
Mach no. numbers
13 2.59 2.69 2.42 2.78 1,2,3
14 2.85 2.46 2.71 3,4
16 2.57 2.69 2.79 1,2
18 2.24 2.42 2.32 2.48 2.73 2,3,4,5
19 2.33 2.33 2.68 5,6
20 2.42 2.46 2.42 2.42 2.70
24
3,4,5,6
2.46 2.26 2.73 3,4
25 2.31 2.40 2.40 2.84 2,3,4
26 2.39 2.30 2.77 5,6
28 2.39 2.67 5
43 2.69 2.69 2.93 7,8
Although no evidence of breakdown due to the electrical discharges was found in any IMACON
photographs images, some interesting qualitative features were observed. The most interesting
feature observed in the images was the presence of"hot spots" on the electrode surfaces. For some
of the highest current test cases where the attenuation of light from the test section was sufficient,
discrete, bright light sources could be seen on the electrodes. To illustrate these features, images
from two 2-atm runs are shown in Figure A.2- 29. The top image is from Run 23, which had the
highest current measured during the 2-arm tests. (The maximum current to the bottom electrode
was 1,180 A.) Fixed spots of bright light are visible at the edges of both electrodes, where the radii
of the electrodes will produce an electric field increase. In addition, moving spots of light are
visible on the lower electrode (the cathode) and were also observed on the cathode in Runs 19 and
22, which were the runs with the second and third highest voltages and currents at the 2-atm test
conditions. The voltages at the start of current flow for these two runs were 371 and 509 V, and
the maximum currents to the lower electrode were 575 and 800 A. However, the moving spots of
light were not observed at lower voltage and currents. An example of the IMACON photographs
for lower current conditions is shown in the lower half of Figure A.2- 29. This photograph is from
Run 14 with a maximum current of 96 A to the lower electrode. These images show less bright
emission near the electrodes (when the neutral density filters used in front of the camera are taken
into account) and the bright spots at each end of the electrode are likely due to the higher electric
fields in these regions, as discussed earlier. There is no trace of moving hot spots on the cathode
surface. In general, radiation from the center of the flow is quite weak in comparison to the
emission from the regions close to the electrodes. In Reference 11 (Figure A.2- 6), oblique
photographs were taken of the cathode of e-beam sustained discharges in static, room-temperature
nitrogen at pressures of 13.3 and 40 kPa and the duration of the discharges was 20 _ts. In the two
photographs shown in Reference 11, the cathode is covered with a large number of glowing spots
that are smaller at the higher pressure. The gas densities in the work of Reference 11 were 1.5 to 5
times greater than those at the EAST facility, whereas the EAST facility's current densities were
10 to 25 times greater than those for the work of Reference 11. It was speculated that the moving
hot spots may be related to the glowing spots seen in the work of Reference 11 but without further
experimental study, little more can be said about any such relation.
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Run no: 18
Shock vel. at E: 4.72 km/s
Date: 5/8/97 Shock press. At D: 2.55 atm
Voltage at start of current flow: 277 V
Frame: 2 4
Time: 5.2 13.2
Mach no: 2.24 2.32
Frame: 1 3
Time: 1.2 9.2
Mach no: 2.42
V_: 4.6 km/ts VCAV: 4.96 km/s
Figure A.2- 2&
6 8
21.2 29.2
5 7
17.2 25.2
2.48
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and velocities are
deduced from the image as explained in Section A.2.5.3.
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Run no: 23 Date: 5/14/97 Shock press. At D: 2.72 atm
Shock vei. at E: 4.62 km/s Voltage at start of current flow: 714 V
Max. current, lower elect.: 1180 A Time of first frame after start of current: -5.6 ps
Run no: 14 Date: 5/2/97 Shock press. At D: 2.44 arm
Shock vel. at E: 4.65 km/s Voltage at start of current flow: 176 V
Max. current, lower elect.: 96 A Time of first frame after start of current: -1.5 its
Figure A.2- 29. The upper set of images, from a high current test run, shows the presence of
bright "hot spots" at the cathode (lower electrode) surface. The lower images, which are from
a low current run, show essentially none of these features.
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A.2.6.2 At Nominal 5-Atm Test Condition
Table A.2- 8 gives the test conditions for the runs at the nominal 5-atm facility operating
condition. The various columns of Table A.2- 8 present data in exactly the same manner as in
Table A.2- 5(see Section A.2.6.1) for the 2-arm test condition. Representative data histories for
the voltages, currents and pseudo-conductivities will not be provided for the 5 and 13-atm test
conditions, since they show data in exactly the same formats as the data histories presented in
Figures A.2- 8 and A.2- 12 for the 2-atm test conditions.
Table A.2- 8. Test conditions for runs at the nominal 5-atm test condition.
Run no.
29
30
31
32
33
34
35
36
37
38
39
40
41
Dn tube
gas
N20/N 2
N20/N 2
N20/N 2
N20[N 2
N20/N 2
N20/N 2
N20/N2
N20/N 2
N20/N 2
N20/N 2
N20/N 2
N20/N 2
N20/N 2
Dn tube
fill
pressure
(kPa)
1.73
1.73
1.73
1.73
1.73
1.73
1.73
1.73
1.73
1.73
1.73
1.73
1.73
Shock v
At E
(kin/s)
4.159
4.215
4.653
4.921
4.475
4.597
4.912
4.627
4.455
4.846
4.657
4.946
4.723
Shock p
atD
(arm)
4.72
4.99
7.08
7.61
5.80
5.97
7.15
6.17
6.17
7.21
6.49
8.00
7.28
Shock p
at F
(atm)
5.36 (N)
5.64 ('N)
4.90 (N)
6.58 (N)
7.11 (EN)
5.43 (EN)
Voltage
at 0 _ts
(v)
91
92
92
92
188
270
469
700
1024
1020
469
190
45.5
Voltage
at30 Its
(v)
80.6
84
86
88
143
210
310
406
490
482
310
151
40.3
Figures A.2- 30 - A.2- 32 present compilations of the histories of the pseudo-conductivities
based on the current data for the bottom electrode. The voltages measured at the beginning of
current flow and 30 Its after the start of current flow, as well as the shock wave velocity are given
in the legend. The voltages are also given on each curve.
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Figure A.2- 30. Pseudo-conductivity histories for 5-atm nominal test condition.
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Figure A.2- 32. Pseudo-conductivity histories for 5-atm nominal test condition.
The following is a general description of the histories (with times now measured from the start of
current flow). The pseudo-conductivities rise very rapidly for the first 7 - 20 O,s. After this
period some of the histories then show a plateau that lasts roughly 40 _ts, while others show a
20 - 50% drop in pseudo-conductivity for 15 - 25 _ts, followed by a period of roughly constant
conductivity lasting 20 - 25 Its. The pseudo-conductivity then starts to fall steeply 40 to 60 p.s
after the start of current flow. Some of the tests at the higher applied voltages also show a rise of
pseudo-conductivity of 10 - 20% in the 10 - 12 las preceding the final, steep drop.
The discussion in the present paragraph is for the most part, repeated verbatim from the
corresponding discussion in Section A.2.6.1 regarding Figures A.2- 13 - A.2- 16. Note that at a
nominal shock velocity of 4.65 km/s, it takes the shock wave about 7 p.s to cross the electrode
face. Thus, the first part of the initial steep rise in pseudo-conductivity likely reflects the fact
that it takes about 7 p.s for the shock wave to completely fill the region between the electrodes
with heated gas. However, the pseudo-conductivity continues to rise substantially between 7 and
10 - 30 Us after the start of current flow. The explanation may involve one or both of the
following phenomena: a) the electron population may take this long after the shock wave passage
to come up to a value that is in equilibrium with the gas temperature and the prevailing electric
field; b) the current may be flowing mainly in the boundary layers that extend between the
electrodes and these boundary layers will initially thicken very rapidly with passing time, but
will tend to stabilize at a constant thickness. Currently, there is no explanation for the drops
(followed in some cases by rises) in conductivity occurring after the first peak 10 to 20 _ts after
the start of current flow and before the fmal, steep drop in pseudo-conductivity. Finally, the
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large and rapid drop in pseudo-conductivity is believed to be due to the arrival of the much
cooler driver gas 40 to 60/.ts after the start of current flow.
Figure A.2- 33 shows the pseudo-conductivities 30 ps after the start of current flow plotted
versus the voltage across the electrodes 30 _ts after the start of current flow. Figure A.2- 35
shows the pseudo-conductivities 30-/as after the start of current flow plotted versus the voltage
across the electrodes at the start of current flow. When the plot of the pseudo-conductivities 30-
p.s after the start of current flow versus shock velocities (corresponding to Figure A.2- 17 for the
2-atm test condition) was made for the 5-atm test condition, little or no shock velocity effect
could be seen. Hence, Figures A.2- 33 and A.2- 34 are not corrected for the shock velocity
effect. Figures A.2- 35 and A.2- 36 correspond to Figures A.2- 33 and A.2- 34 but are for the
conductivities measured for 15 rather than 30 las after the start of current flow. A consistent
shock velocity effect was found in this case and the correction factor used to correct for it was
fc = 72.19 exp(-0.9202u+) (A.2- 9)
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Figure A.2- 33. 5-atm test conditions, pseudo-conductivities 30 ps after start of current flow
plotted versus voltage applied across electrodes 30 fls after start of current flow.
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Figure A.2- 34. 5-atm test conditions, pseudo-conductivities 30/zs after start of current flow
plotted versus voltage applied across electrodes at start of current flow.
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Figure A.2- 35. 5-atm test conditions, pseudo-conductivities 15 Its after start of current flow
plotted versus voltage applied across electrodes 15/2s after start of current flow.
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Figure A.2- 36. 5-atm test conditions, pseudo-conductivities 15/zs after start of current flow
plotted versus voltage applied across electrodes at start of current ftow. Corrected for shock
velocity effect.
Figures A.2- 33 and A.2- 35, which show the pseudo-conductivities plotted versus the voltages at
the times the pseudo-conductivities were calculated, show the following characteristics. The
conductivities rise from values of 0.02 Mhos/cm at voltages of about 40 V to values of 0.6
Mhos/cm at voltages of 250 - 300 V. The conductivities are relatively constant at about 0.6
Mhos/cm between 250 to 400 V. At about 400 V, the conductivities rise steeply to 1.4 - 1.9
Mhos/cm. At the maximum applied voltage of just under 500 V, the conductivities are at their
maximum values of 1.5 to 1.9 Mhos/cm. The data of Figures A.2- 34 and A.2- 36, where the
conductivities are plotted versus the voltage applied at the start of current flow generally show
fairly similar trends to the data of Figures A.2- 33 and A.2- 35 with following differences. The
voltages are now considerably higher, particularly at the higher conductivities (i.e., at higher
current draws) due the inability of the available power supply to maintain the voltage at the
heavier current draws. The abrupt rises in conductivity at a voltage of about 400 V shown in
Figure A.2- 35 may be replaced by a somewhat gentler rise in conductivity between voltages of
700 and 1,000 V in Figure A.2- 36, but insufficient data is available in Figure A.2- 36 to
establish this for certain.
This smoothing out of the abrupt conductivity rise when one shifts from plotting the conductivity
versus the voltage at the moment the conductivity is calculated to plotting it versus the voltage at
the start of current flow was observed at the 2-arm test condition (see Figures A.2- 19 - A.2- 22);
however, as already remarked, cannot be established with certainty for the 5-atm test condition.
Note that the increases in pseudo-conductivity obtained as the applied voltage is increased from
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the minimum to the maximum values are very large by a factor of about 100 for Figures A.2- 33
through A.2- 36.
The conductivities 30-_ts after the start of current flow are about 10 - 30% larger than those 15 _ts
after the start of current flow for the highest two voltage levels, but these differences become less
consistent at the lower voltages. As can be seen by examining the histories shown in Figures
A.2- 30 - A.2- 32, the pseudo-conductivity decreases between 15 and 30 9s after the start of
current flow for a number of test runs. At this point there is no explanation for this drop in
conductivity between 15 and 30 Its after the start of current flow.
Figure A.2- 37 shows the pseudo-resistivity 30-_ts after the start of current flow plotted versus
the current to the bottom electrode 30-_ts after the start of current flow. Figure A.2- 38 shows the
voltage across the electrode 30-_ts after the start of current flow plotted versus the current to the
bottom electrode 30-_ts after the start of current flow. Figures A.2- 39 and A.2- 40 correspond to
Figures A.2- 37 and A.2- 38, but are for data 15 instead of 30 Its after the start of current flow.
Each of these four graphs also shows a line based on the theoretical equilibrium gas conductivity
behind a shock wave at the nominal shock velocity of 4.65 km/s. These lines were constructed
as described in Section A.6.2.1 with regard to Figures A.2- 23 through A.2- 26. In addition,
Figures A.2- 38 and A.2- 40 have added constant resistance lines, which pass through the
experimental data point on the "knee" or inflection point of the trend of the data. In general,
Figures A.2- 37 through A.2- 40 for the 5-atm test condition show rather similar characteristics
to those of Figures A.2- 23 through A.2- 26 for the 2-atm test condition, as follows. At low to
moderate voltages (40 - 220 V) and currents (2 - 400 A), the pseudo-resistivity is above the value
corresponding to the equilibrium bulk gas conditions behind the shock wave; as much as 50
times this value at currents of-2 A. This ratio drops to about 10 at currents of-20 A and 3 at
currents of-100 A.
Between voltages of 300 and 400 V and currents of 500 and 800 A, the pseudo-resistivity
appears to be about equal to the value corresponding to the equilibrium bulk gas conditions
behind the shock wave, while at the highest currents (1,000 - 3,000 A), it appears to be 10% (at
1,000 A) to 50-60% (at 2,000 - 3,000 A) below this value. The region of "constant" pseudo-
conductivity appears to be less well defined for the 5-atrn test condition, especially 30 I_S after
the start of current flow, than for the 2-atm test condition (compare Figures A.2- 37 and A.2- 39
with A.2- 23 and A.2- 25.). However, this appearance may be due to the lack of sufficient data
to define the curves in Figures A.2- 37 through A.2- 40.
As for the case of the 2-atm data of Figures A.2- 23 through A.2- 26, the data of Figures A.2- 37
through A.2- 40 imply that in the low to moderate (2 - 400 A) current range, the resistivity of the
electrode fall regions must rise steeply as the current drops. This would appear to be in line with
negative voltage - current characteristics of electric arcs reported in References 7 - 9.
A.2-46
100
." 72_ Kily+ IK--K_I _'.:N iNi :iK:XKili £ 12:ill 2_-211_12k'12_-ii:i: X_l',_ms VAST _,A<:w.ap,,. 1
.........................: :............................. ,XlIRCO_ 'JI'IE_I_+ I
.......... i _ : NOlt_[_ff.. $ A'I'ICl"l'll_ CO l_ll'_Ol_ I
...........................+ ................................... ICUr._[RODlg ._D _ LTAGE
(mlJ'ms2_.+4,44_ oR
....................................................................: :-:.........L eums'ro,mtms_-._ j
%
.......... : .............. r .............................................................................................................................
....................................:_+,:..............................................._ _: ee+ ........................
.................._........................., ........................................;o. : :
..............,,..,..._...:_.....+_.:._..._....., -. ......:
1
10 10O 100O
Curnmt 30 paec afar s_rt of curr_nt flow, A
Figure A.2- 37. 5-atm test conditions, pseudo-resistivities 30/as after start of current flow
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shock velocity effect.
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shock velocity effect.
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Figure A.2- 40. 5-atm test conditions, voltages across electrodes 15/zs after start of current
flow plotted versus current to lower electrode 15/zs after start of current flow. Corrected for
shock velocity effect.
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In the current range between 500 and 800 A, it is suggested that the electrode fall voltages have
become so small compared to the IR drop in the bulk gas that the pseudo-resistivity is essentially
dominated by the bulk gas conductivity and hence, is closely given by 1/(bulk gas conductivity).
Such an interpretation would appear to be reasonably consistent with the data of Figures A.2- 37
through A.2- 40, although as stated earlier, the region of"constant" pseudo-conductivity appears
to be less well defined at 5 atm than at 2 arm.
At the very highest currents (1,000 - 3,000 A), the pseudo-resistivities are 10 - 60% below the
calculated equilibrium value. The input powers to the gas can readily be calculated to be
between 0.27 and 1.40 MW. Following the technique described in Section A.2.6.1, the expected
gas temperature rise due to the electric energy input as the flow passes between the electrodes for
each of these cases can be calculated. The corresponding expected increase in the equilibrium
electron mole fraction could then be easily calculated. (See Section A.2.6.1 for details of the
calculation techniques.) The conductivity of the gas should be very nearly proportional to the
electron mole fraction. The calculated increases in electron mole fraction due to the electric
heating of the gas will then be compared to the observed increases in the pseudo-conductivity
above the calculated equilibrium value (calculated without electric heating of the gas) shown in
Figures A.2- 37 and A.2- 39. The results of this comparison are shown in Table A.2- 9. The
comparisons are made for the five points seen in Figures A.2- 37 and A.2- 39 that have pseudo-
resistivities below the calculated equilibrium value. The first column of the table gives the run
number. The second column gives the time after the start of current flow at which the data was
taken. The third column gives the calculated ratio of the electron mole fraction after half of the
discharge power is absorbed by the gas to that before any power is absorbed by the gas. Column
4 is similar to column 3, except that the ratio is based on the absorption of all of the discharge
power by the gas. Finally, column 5 gives the observed increase in the pseudo-conductivity over
the calculated equilibrium value - that can be obtained from Figures A.2- 37 and A.2- 39. For
the first three rows of the table, it appears the ohmic heating of the gas could account for a
significant fraction (30 - 60%) of the observed conductivity increase if the conductivity in the
current path were assumed to respond on the average to half of the full energy deposition by the
discharge. For the data of the last two rows of the table, this fraction is not as large (-15%). The
conductivity may also be enhanced by the production of nonequilibrium ionization in the bulk
gas at the high electric fields of the higher current conditions.
Table A.2- 9. Comparison of calculated electron mole fraction ratios and observed
conductivity ratios.
Run no.
36
37
37
38
38
Time from
start of current
flow
(Its)
30
15
30
15
30
Calculated
electron mole
fraction ratios,
half T rise
Calculated
Electron mole
Fraction ratios,
full T rise
1.093
1.355
1.513
1.160
1.230
1.231
1.789
2.171
1.326
1.500
Observed
Conductivity
Ratio
1.149
2.150
2.525
2.105
2.816
A.2-49
An exampleIMACON Polaroidphotographfor Run39atthe5-armtestcondition is shown in
Figure A.2- 41. The test number, date, and test conditions are given at the top of the figure. The
flow is from left to fight, and the frame sequence is identified below the figure. The times given
below the frames are measured from the start of current flow. The shock wave image is barely
visible in the second frame although a second image of the shock appears in the third frame,
which allowed a determination ofV_. For this particular run, Vx = 4.5 km/s and VCAv = 4.85
km/s. The oblique shock waves emanating from the leading edge of the electrodes are clearly
visible in frames 3 - 7, and Mach numbers determined from a measurement of the oblique shock
angle are given for frames 4 and 6. Glow from the flow region near the electrode surfaces begins
to overwhelm the rest of the field in the last two frames.
A summary of all photographs for the 5-atm case and the parameters measured from them is
given in Table A.2- 10 and Table A.2- 11. The shock velocities, pressures, and voltages were
taken from Table A.2- 8. The time given is the time-of-frame number 1 after the start of current
flow. The remaining parameters in the Table A.2- 10 are the velocities inferred from the
photographs and Table A.2- 11 gives the Math numbers read from the oblique shock waves.
Columns 2 through 5 give the experimental Mach numbers themselves and column 7 gives the
frames in which they were measured. Column 6 gives the theoretical Mach numbers in
equilibrium flow behind a shock wave at the observed velocity at the electrodes. These
theoretical Mach numbers were calculated using the computer program of Reference 4. Note that
in general, the observed Mach numbers are 0.10 to 0.50 less than the theoretical values. Several
possible explanations for this are discussed in Section A.2.6.1 in connection with the discussion
of the photographs taken at the 2-arm test condition.
As mentioned in Section A.2.6.1, no evidence of breakdown due to the electrical discharges was
found in any IMACON photographs images. The moving hot spots seen on the cathode at high
current conditions at the 2-atm test condition were not seen at the 5-atm test condition. Also, the
fixed hot spots at the edges of the electrodes at the 2-atm test condition were much less
prominent at the 5-atm test condition. In general, a smooth glow is seen along the electrodes at
the 5-arm test conditions. It was noted that this glow becomes progressively more intense after
the shock wave passes in both the 2- and 5-atm test conditions. However, the rate of increase of
the electrode glow is more rapid at the 5-arm test condition. This may be due to the faster
approach to equilibrium at higher pressures and densities and may well be closely connected with
the more rapid current rise at higher pressures (see Section A.2.6.4).
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Table A.2- 10. Results from IMACON photographs for runs at the nominal 5-atm test
condition.
Run no. Shock vel.
at E
(km/s)
31 4.65
32 4.92
33 4.47
34
35
36
4.60
4.91
4.63
Shock
press, at D
(atm)
7.08
7.61
5.80
5.97
7.15
6.17
Voltage
at start
of current
(v)
Time of fr.
#1 after
start of
current
(rts)
92 -3.1
92 4.9
188 -8.4
270
469
7OO
-4.6
3.4
-5.4
V_ from
Photo
Vc. v from
photo
(km/s) (knv's)
4.3 4.89
.... 5.08
4.8 4.68
4.80
5.06
4.80
4.6337 4.45 6.17 1024 -11.7 4.2
38 4.85 7.21 1020 0.1 4.5 4.96
39 4.66 6.49 469 -2.8 4.5 4.85
40 4.95 8.00 190 3.3 .... 5.09
45.5
-0.94.7241 7.28 4.92
Table A.2- 11. Results from IMACON photographs for runs at the nominal 5-atm test
condition.
Run no. Mach no. Mach no. Mach no. Mach no. Theoretical Frame
Mach no. numbers
33 2.53 2.40 2.61 5,6
34 2.60 2.37 2.24 2.64 5,6,7
36 2.32 2.14 2.14 2.65 5,6,7
38 2.42 2.27 2.31 2.72 2,3,4
39 2.24 2.42 2.66 4,6
40 2.33 2.40 2.75 2,3
41 2.24 2.24 2.68 3,4
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Run no: 39
Shock vel. at E: 4.66 km/s
Date: 6/5/97 Shock press. At D: 6.49 arm
Voltage at start of current flow: 472 V
2 4 6 8
Frame:
Time: 1.2 9.2 17.2 25.2
Math no: 2.24 2.42
Frame: 1 3 5 7
Time: -2.8 5.2 13.2 21.2
Mach no:
Vl: 4.5 km/s VCAV: 4.85krn/s
Figure A.2- 41. IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and velocities are
deduced from the image as explained in Section A.2.5.3.
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A.2.6.3 At Nominal 13-Arm Test Condition
Table A.2- 12 gives the test conditions for the runs at the nominal 13-atm facility operating
condition. The various columns of Table A.2- 12 present data in exactly the same manner as in
Table A.2- 8 for the 2-atm test condition and Table A.2- 5 for the 5-atm test condition (see
Sections A.2.6.1 and A.2.6.2). Representative data histories for the voltages, currents, and
pseudo-conductivities will not be provided for the 13-atm test conditions since they show data in
exactly the same formats as the data histories presented in Figures A.2- 8 - A.2- 12 for the 2-atm
test conditions.
Table A.2- 12. Test conditions for runs at the nominal 13-atm test condition.
Run no.
44
45
46
47
48
49
50
51
Dn tube
gas
N20/N2/H2
N20/NJH2
N20/NJI-I 2
N20/N2/H 2
N20/N2/H 2
N2OfN2/H 2
N2OfN2/H 2
N20/N2
Dn tube
fill
pressure
(kPa)
4.16
4.72
4.72
4.72
4.72
4.72
4.72
4.72
Shock v
At E
(km/s)
4.846
4.637
3.964
4.892
4.772
4.536
4.862
4.617
Shock p
atD
(arm)
17.90
19.68
13.39
20.65
18.45
14.88
19.22
18.10
Shock p
atF
(atm)
11.46 (N)
14.95 (EN)
7.30 (EN)
20.71 (EN)
9.5 I(EN)
Voltage
at 0 Its
(v)
186
186
312
325
572
1020
764
73.2
Voltage
30 ps
(v)
145
115
215
250
394
382
382
56.4
Note that seven of the eight tests were performed with the addition of 0.5% H2 gas to the usual
N20/N 2 driven tube to allow development of the electron number density technique. No H2 was
added to the driven tube gas for test Run 51. Equilibrium calculations were made for the
conditions behind the main shock wave both with and without the addition of H2, and it was
found that the concentrations of nonhydrogen containing species, including electrons, differed by
only a maximum of 2-4% for the two different driven tube fill gases (i.e., with and without H2).
It was concluded there would be only minor differences in the conductivities between the two
different types of driven tube gas; therefore, it would be justified to compare the test data at the
13-arm nominal test condition (with H2) with 2 and 5-atm conditions (without H2, for the most
part).
Figures A.2- 42 - A.2- 43 present compilations of the histories of the pseudo-conductivities
based on the current data for the bottom electrode. The voltages measured at the beginning of
current flow and 30 Its after the start of current flow, as well as the shock wave velocity are given
in the legend. The voltages are also given on each curve. The following is a general description
of the histories (with times measured from the start of current flow). The pseudo-conductivities
rise very rapidly for the first 7-30 Its. After this time period, some of the histories then show a
plateau, which lasts roughly 20-40 Its, while others show a 20-40% drop in pseudo-conductivity
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for 15-25btsfollowedby aperiodof roughlyconstantconductivityor a20-40%rise in
conductivitylasting20-25laS.Thepseudo-conductivitythenfalls steeply,(40-60Fts),afterthe
startof currentflow• Thegeneralbehaviorof thepseudo-conductivityhistoriesfor the 13-arm
testconditionis verysimilarto thosefor the2and5-atmtestconditions.
Thediscussionsof theriseof theconductivity,therelativelyflat or double-humpedregionnear
theconductivitymaximumandthefinal fall of theconductivitypresentedin SectionsA.2.6.1
andA.2.6.2in connectionwith the2 and5-atmtestconditionsapply;essentiallywithout
modificationto thedataof FiguresA.2- 42andA.2-43,andthereforewill notbe repeatedhere.
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Figure A.2-42. Pseudo-conductivity histories for the 13-atm nominal test condition.
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Figure A.2- 43.
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Pseudo-conductivity histories for the 13-atm nominal test condition.
As has been done for the 2- and 5-atm test conditions, the pseudo-conductivities taken from
Figures A.2- 42 and A.2- 43 at 15 and 30 [as after the start of current flow will be used to make
comparisons among the various tests. These pseudo-conductivities were first plotted versus
shock velocity to attempt to separate out the shock velocity effect. Unfortunately, with only
eight data points for the 13-atm test condition, it was nearly impossible to identify a shock
velocity effect with the exception of the comparison of the data for Runs 46 and 47. The data
points for these two runs were taken with nearly the same voltage applied to the electrodes, and
the conductivities at the higher shock velocity appear to be about 1.8 - 3.8 times those at the
lower shock velocity. However, with only one pair of runs showing a clear shock velocity effect,
it was decided not to derive and apply any shock velocity correction to the data for the 13-atm
test condition, as was done for 3 of the 4 data sets for the 2 and 5-atm test conditions.
Before proceeding with the analysis of the pseudo-conductivities 15 and 30 ItS after the start of
current flow, some experimental difficulties that occurred during the runs at the 13-atm test
condition will be discussed. This operating condition could be obtained only by operating the
driver at essentially its maximum rated energy deposition capability that led to rapid destruction
of various insulating elements inside the driver. A number of polycarbonate insulating and
sealing components surrounds the high voltage electrode at the blind end of the driver, and can
typically survive 40 or more tests at the 2 or 5-atm test conditions. Some of these components
were destroyed after one or two runs at the 13-atm test condition. Only six or seven sets of the
polycarbonate components existed; therefore, the number of tests possible at the 13-atm condition
was limited without the fabrication of additional components. In addition, the driver is lined with
a rubber-coated fiberglass tube to prevent the arc from short-circuiting directly to the driver wall
from the high voltage electrode. This rather expensive component also typically survives 40 or
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moretestsatthe lowerenergytestconditions.Twoof theselinersweredestroyedin thecourseof
theeightrunsmadeatthe 13-atmtestcondition.At theterminationof thetestentryonly one
sparedriver linerremainedavailable.Finally,thesurfacesof thewindowsusedto observe
conditionsattheelectrodestypically remainedsatisfactoryfor six to twentyrunsatthe2 or 5-atm
testconditions.At the 13-atrnconditionsthewindowsurfaceshadto beremachinedafteroneor
two tests.This doesnotmeanthattestingcannotbecompletedatthe 13-atmcondition;however,
extensivetestingat suchsevereconditionswill requiresubstantialquantitiesof the"expendable"
componentsto beonhand.
In FiguresA.2- 44andA.2- 45,thepseudo-conductivities30 ItSafterthebeginningof current
flow areplottedversusthevoltage-applied30 Itsafterthebeginningof currentflow (Figure
A.2- 41)andat thebeginningof currentflow (FigureA.2- 42). Beforeproceedingwith the
discussion,it is necessaryto notethattherearedifficultieswith thedatafromtwo of theeight
tests;therefore,mostof thefollowing discussionwill involveonly sixof theeightdatapoints
shownin eachgraph. In Run46, theelectricarcin thedriverpenetratedtherubber-linedfiber
glassdriverliner, therebydestroyingit andresultingin ashockvelocityof about3.9km/srather
thanthenominalvalueof 4.65krn/s. Hence,theconductivitydatafromthis run lie well below
thetrendsestablishedby thesix goodtests. Thedatapointsfrom Run46will beshownin the
figuresto follow, butwill bemarkedwith thenotation"LV" denotingthelow-shockvelocity.
Run44wasmadewith adriver-fill pressureof 31.2torr ratherthan35.35torr,whichwasused
for Runs45 - 51. The shock velocity for this run was rather high (about 4.84 km/s); however, the
conductivity values were well below the trends for the six good runs for reasons that are not
understood. The data points from Run 44 will also be shown in the figures to follow but will be
marked with the notation "LP" denoting the low driven-tube fill pressure.
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Figure A.2- 44. 13-atm test conditions, pseudo_onductivities 30 izs after start of current flow
plotted versus voltage applied across electrodes 30 lZS after start of current flow.
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plotted versus voltage applied across electrodes at start of current flow.
The discussions to follow will be based on the six good data points of each graph and will
essentially ignore the data points marked "LV" and "LP".
In Figure A.2- 44, the first four good data points show a fairly consistent rise in conductivity
from -0.1 to -0.4 Mhos/cm as the voltage increases from 50 to -380 V with a plateau in
conductivity between voltages of 250 and 380 V. The three points at the highest conducfivities
show a substantial change in conductivity with almost no change in the voltage (-380 V) at 30 _ts
after the start of the current. The conductivity differences for these three points may be due to
the substantial differences in the voltages that were applied at the start of the current flow (refer
to Figure A.2- 45 to be discussed in the next paragraph to see these voltages). Such a
phenomenon was noted also for the 2 atm (see Figures A.2- 19 and A.2- 21) and 5-atm (see
Figures A.2- 33 and A.2- 35) test conditions.
Figure A.2- 45 presents the same conductivity values plotted versus the voltage at the start of
current flow. In Figure A.2- 45, the pseudo-conductivity rises from -4). 1 Mhos/cm at an applied
voltage of-60 V to -1.1 Mhos/cm at a voltage of-l,000 V. There appears to be a plateau of
conductivity between applied voltages of-300 and --600 V. The abrupt rise in conductivity for
the three highest current data poims seen in Figure A.2- 44 is now replaced by a much smoother
rise. The voltages are now higher, especially for the higher voltage and current conditions, due
to the inability of the available power supply and resistor network to maintain the voltage with
very heavy current draws.
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Figures A.2- 46 and A.2- 47 correspond with Figures A.2- 44 and A.2- 45, but now the pseudo-
conductivity is measured at 15 rather than 30 p,s after the start of current flow. Figure A.2- 43
presents the conductivity values plotted versus the voltage at 15 _ts after the start of current flow.
Figure A.2- 46 is in general form, rather similar to Figure A.2- 44 with a plateau in the pseudo-
conductivity between 200 and 330 volts, followed by an abrupt rise in pseudo-conductivity at a
nearly constant voltage of about 330 volts. The main difference between Figures A.2- 44 and
A.2- 46 is the last data point (with the highest voltage at the start of current flow) in Figure A.2-
46 and does not show a further rise in pseudo-conductivity.
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Figure A.2- 46. 13-atm test conditions, pseudo-conductivities 15 ItS after start of current flow
plotted versus voltage applied across electrodes 15/zs after start of current flow.
Figure A.2- 47 presents the same conductivity values plotted versus the voltage at the start of
current flow. Figure A.2- 47 is in general form, rather similar to Figure A.2- 45 with a plateau in
the pseudo-conductivity between 300 and 600 volts. There now appears to be an additional
plateau between 800 and 1,000 V; however, this is defined by only two data points and more data
points would be needed to confirm its existence.
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In general, the pseudo-conductivities 30 its after the start of current flow are approximately 6 to
30% less than those at 15 gs after the start of current flow, which is in marked contrast to those
for the 2- and 5-atm test conditions where the pseudo-conductivities tend to be higher for the data
taken 30 [as after the start of current flow. This can readily be seen from Figures A.2- 42 through
A.2- 47. However, this is not true for the data taken at the very highest applied voltage. Many of
the histories shown in A.2- 42 and A.2- 43 do show a late rise in conductivity with a second
maximum occurring between 40 and 60 gs after the start of current flow. This data cannot be
used to study the effect of the applied voltage because it is highly likely that much of this data
was compromised by contamination of the test gas with driver gas. (See discussion of this
problem in Section A.6.2.1 .) At present, there is no explanation for the reduced conductivities at
30 gs after the start of current flow for the 13-atm test conditions.
Figure A.2- 48 shows the pseudo-resistivity at 30 gs after the start of current flow plotted versus
the current to the bottom electrode at 30 gs after the start of current flow. Figure A.2- 49 shows
the voltage across the electrodes at 30 p.s after the start of current flow plotted versus the current
to the bottom electrode at 30 gs after the start of current flow. Figures A.2- 50 and A.2- 51
correspond to A.2- 48 and A.2- 49, but are for data at 15 instead of 30 [as after the start of current
flow. Each of these four graphs also show a line based on the theoretical equilibrium gas
conductivity behind a shock wave at a shock velocity of 4.72 km/s. This shock velocity is not
the nominal shock velocity of 4.65 krn/s, but rather is the average shock velocity of Runs 45 and
47 through 51. These lines were constructed as described in Section A.6.2.1 with regard to
Figures A.2- 23 through A.2- 26. In addition, in Figures A.2- 49 and A.2- 51, constant resistance
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lineshavebeenaddedthatpassthroughtheexperimentaldatapoint onthe"knee"or inflection
point of thetrendof thedata. In general,FiguresA.2- 48andA.2- 51for the 13-armtest
conditionshowrathersimilarcharacteristicsto thoseof FiguresA.2- 23throughA.2- 26 for the
2-armtestconditionandFiguresA.2- 37andA.2- 40 for the5-atmtestcondition. However,
thereareonly six gooddatapointsfor the 13-armtestcondition,ascomparedto 15and13 for the
2-and5-atmtestconditions,respectively.Hence,thetrendsof thedataarelesswell definedfor
the 13-atmdatain general;in particular,the13-armdatacontainsonly asingledatapoint at
currentslessthan100A versussevenfor eachof thedatasetsat2 and5. However,thetrendsof
the 13-armdataappearto closelyfollow thoseof thelarger2-and5-alandatasets.At low to
moderatevoltages(50 - 200V) andcurrents(15 - 300A), thepseudo-resistivityis abovethe
valuecorrespondingto theequilibriumbulk gasconditionsbehindtheshockwavebeingasmuch
asseventimesthisvalueatcurrentsof-15 A.
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Figure A.2- 48. 13-atm test conditions, pseudo-resistivities 30 its after start of current flow
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Figure A.2- 49. 13-atm test conditions, voltage across electrodes 30 ,us after start of current
flow plotted versus current to lower electrode 30 #s after start of current flow.
Y
@
,,1
100 t91-..........._ ...' -:_..:..:..._.':. . ............I........:' _ .'..'.L_. . ....: .., ,:, :.L_.._.. ................:......._
6r . . ...................................._ ......... ..........AIR CONDUCTIVTI_ TESI_
=L NO]h_[I'_Y_L D ATM TEST CONDITIOI'_5 "I
"F ...................... i ..........."_ .......................... '....................:: ........ _N_uc'rrvrr_ (15 _ I "1
4_- ........ _ ........ _.............._.......................... i..... , _.£; .... AFrlgRSTAIrrOF_ Ft,ow) I .J
/ BAS_DONCORm_'_'J_OI,OWg_ I /
3[- _ .........i ......._ .... _ .......... _...... . : ..... ........ I_..EC_'RODEANDVOLTAGE I .I
l _ wrrB DIYIDER [ l
l mUNS44-46,Sl)OR I l
........................................... i- ;.............. • ................ ;...................................................................................
" :iii::i:_171171........_ ...._ __ ..........................
....................._ 7 ..............................................:: ...........................................T"
............................... i ...... _ ' '? ................ _ ' • • :
Theortfical equilibrima value
ate
....................................................................................................= _]..................]
..............................=.. _ ................. [..... ..........................................? ...........................
" LP-__an_ " iiii ii_i17_7:11711-:.............._............................__- ....
LV- low _mck ve.leaty ........................." _ i......................
, , , t , ,iil , , , _ , ,,,I , , , , .... l i
10 100 1000
Current 15 psec after start of carrent flow, A
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Figure A.2- 51. 13-atm test conditions, voltage across electrodes 15 !_ after start of current
flow plotted versus current to lower electrode 15 l_s after start of current flow.
This ratio drops to about 2 at currents of-100 A. Between voltages of 200 and -350 V and
currents of 300 and 600 A, the pseudo-resistivity appears to be roughly constant at values 65%
(30 l_S data) and 25% (15 _ts data) above the value corresponding to the equilibrium bulk gas
conditions behind the shock wave. At the highest currents (-1,000 A), it appears to be 20 - 40%
below this value.
The constant pseudo-conductivity regions show conductivities somewhat below the theoretical
equilibrium value, particularly for the data 30-I.tS after the start of current flow. At this point the
meaning of this is unclear. More data (perhaps 2 or 3 times as much in total) is needed to define
the experimental shapes of the data curves shown in Figures A.2- 48 through A.2- 51. Also, it
would be desirable to re-examine the theoretical techniques for calculating the equilibrium
conductivity values. In general, the shapes of the curves of Figures A.2- 48 through A.2- 51 for
currents less than 800 A appear to be reasonably consistent with those for the 2 and 5-atm data
sets.
For the highest currents (-1,000 A), the data of Figures A.2- 48 - A.2- 51 show a drop in
resistivity below the calculated equilibrium value. A similar phenomenon was observed for the
2- and 5-arm data sets. For the 2- and 5-atm data sets, it was concluded that at least part of this
phenomenon could be explained by an ohmic heating-induced increase in the conductivity of the
bulk gas. This explanation will not work for the 13-atm data sets. In comparing Figures A.2- 48
through A.2- 51 for the 13-atm test condition to Figures A.2- 37 through A.2- 40 for the 5-arm
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testcondition,it canimmediatelybeseenthatfor thehighcurrentdatapoints,themaximum
powerdepositedin thegasfor the 13-atmconditionis 0.35- 0.50timesthatfor the5-atmtest
condition. Ontheother hand, the gas density is 2.6 greater for the 13-arm test condition. Hence,
the ohmic heating-induced temperature rises will be five or more times smaller for the 13-arm
test condition that can easily be shown to be far to small to explain the conductivity increases
observed in Figures A.2- 48 through A.2- 51 for the data at the highest currents. It may be
possible that the conductivity increase involves the production of nonequilibrium ionization in
the bulk gas at the higher electric fields; however, this seems less likely to occur at the 13-atm
test condition than at the 2- or 5-atm test conditions. On the whole, caution must be used in the
interpretation of the 13-atm data set due to the paucity of data.
An example IMACON Polaroid photograph for Run 49 at the 13-atm test condition is shown in
Figure A.2- 52. The run number, date, and test conditions are given at the top of the figure. The
flow is from left to right, and the frame sequence is identified below the figure. The times given
below the frames are measured from the start of current flow. The shock wave image is just
barely visible in the third frame. A second image of the shock appears in the fourth frame that
allowed a determination ofV_. For this particular run, V_ = 4.2 km/s and VcAv = 4.68 krn/s. The
oblique shock waves emanating from the leading edge of the electrodes are clearly visible in
frames 4 an 5, and a Mach number determined from a measurement of the oblique shock angle is
given for frame 5. Glow from the flow region near the electrode surfaces and the hot core flow
test gas overwhelms the rest of the field in the last three frames. This was the case for most of
the 13-atm IMACON photographs since the attenuation was kept sufficiently low to allow a
determination of the shock locations.
A summary of all photographs for the 13-arm case and the parameters measured from them is
given in Table A.2- 13 and Table A.2- 14. The shock velocities, pressures, and voltages were
taken from Table A.2- 12. The time given is the time-of-frame number 1 after the start of current
flow. The remaining parameters in the Table A.2- 13 are the velocities inferred from the
photographs. Table A.2- 14 gives the Mach numbers read from the oblique shock waves.
Columns 2 through 5 give the experimental Math numbers themselves and column 7 gives the
frames in which they were measured. Column 6 gives the theoretical Mach numbers in
equilibrium flow behind a shock wave at the observed velocity at the electrodes. These
theoretical Mach numbers were calculated using the computer program of Reference 4. Note that
in general, the observed Mach numbers are 0.10 to 0.40 less than the theoretical values. Several
possible explanations for this are discussed in Section A.2.6.1 in connection with the discussion
of the photographs taken at the 2-arm test condition.
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Table A.2- 13. Results from IMACON photographs for runs at the nominal 13-atm test
condition.
Run no. Shock vel.
atE
Shock
press, at D
Voltage
at start
of current
Time of fr.
#1 after
start of
current
V xfrom
photo
VCAV from
Photo
(krn/s) (atm) (v) (kin/s) (kin/s)
44 4.85 17.90 186 6.1 .... 5.03
45 4.64 19.68 186 -2.6 4.8 4.87
46 3.96 13.39 312 -26.9 .... 4.24
47 4.89 20.65 325 4.5 .... 5.08
48 4.77 18.45 572 1.1 4.2 4.96
49 4.54 14.88 1020 -4.2 4.2 4.68
50 4.86 19.22 764 3.0 .... 5.05
51 4.62 18.10 73.2 -5.0 .... 4.74
Table A.2-14. Results from IMACON photographs for runs at the nominal 13-atm test
condition.
Run no. Mach no. Theoretical Frame
Math no. Mach no. Mach no.
Math no. Numbers
44 2.36 2.66 1
48 2.24 2.64 3
49 2.24 2.57 5
50 2.24 2.40 2.66 2,3
51 2.48 2.60 5
As mentioned in Section A.2.6.1, no evidence of breakdown due to the electrical discharges was
found in any IMACON photographic images. The moving hot spots seen on the cathode at high
current conditions at the 2-atm test condition were not seen in either the 5-atm or the 13-atm test
conditions. Also, the fixed hot spots at the edges of the electrodes at the 2-atm test condition
were much less prominent at the 5-atm and 13-atm test conditions. In general, a smooth glow is
seen along the electrodes at the 5-arm and 13-atm test conditions. It was noted that this glow
becomes progressively more intense after the shock wave passes in all three test conditions.
However, the rate of increase of the electrode glow becomes progressively more rapid as the
pressure increases. This may be due to the faster approach to equilibrium at higher pressures and
densities and may well be closely connected with the more rapid current rise at higher pressures
(see Section A.2.6.4).
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Run no: 49
Shock vel. at E: 4.54 km/s
Date: 6/19/97 Shock press, at D: 14.88 atm
Voltage at start of current flow: 1040 V
Frame: 2 4 6 8
Time: -0.2 7.8 15.8 23.8
Mach no:
Frame: 1 3 5 7
Time: -4.2 3.8 11.8 19.8
Mach no: 2.24
V_: 4.2 km/s VcAv: 4.68 krn/s
Figure A.2- 52. IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and velocities are
deduced from the image as explained in Section A.2. 5.3.
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A.2.6.4 Comparisons of Data
In this section, the data taken under the three different test conditions - 2, 5 and 13 atm is
compared. First, refer back to Figure A.2- 7 (Section A.2.5.4), which shows test times estimated
from the time of the start of the final and steep drop in current to the bottom electrode for all the
runs with current between the electrodes. Three different symbols are used in the figure to
indicate the data from the three different test conditions. There appears to be no significant
difference between the test times for the 3 different test conditions. The trend of all of the data
shows test times dropping from 50 - 70 kts at shock velocities of 4.5 km/s to 40 - 50 Its at 5.0
km/s to -30 Its at 6.3 km/s. This is in agreement with the well-known (Ref. 12) tendency of
uncontaminated test times in shock tunnels to drop as the shock velocity increases. In Section
A.2.5.4, it was also mentioned that a limited number of spectroscopic measurements taken at the
13-atm test condition suggest that He driver gas contamination arrives about 10 kts before the
start of the fmal and steep drop in current to the bottom electrode.
The conductivity histories presented previously for the three test conditions, Figures A.2- 13
through A.2- 16, A.2- 30 through A.2- 32, and A.2- 42 through A.2- 43 will now be re-examined.
These histories generally have a rapid rise in conductivity lasting 10 - 30 Its, a region of high
conductivity lasting 20 - 50 Its followed by a rapid fall in conductivity. The first part of the
initial rise in pseudo-conductivity simply reflects the fact that it takes about 7 _ts for the shock
wave to completely fill the region between the electrodes with heated gas. However, the pseudo-
conductivity continues to rise substantially between 7 and 10 - 30 Its after the start of current
flow. As stated earlier, the electron population may take this long after the shock wave passage
to come up to a value that is in equilibrium with the gas temperature and the prevailing electric
field. Also, the current may be flowing mainly in the boundary layers that extend between the
electrodes, and these boundary layers will initially thicken very rapidly with passing time.
However, they will tend to stabilize at a constant thickness. The rapid drop in pseudo-
conductivity is believed to be due to the arrival of the much cooler driver gas at 40 to 60 kts after
the start of current flow. The widths of the high conductivity regions of the pseudo-conductivity
curves are believed to essentially follow the trend of test time versus shock velocity discussed in
the previous paragraph and shown in Figure A.2- 7.
The shapes of the high conductivity regions of the pseudo-conductivity histories for all of the
runs with current between the electrodes have been examined and the frequencies with which the
various shapes occur have been noted in Table A.2- 15. The shapes in the table are for the high
conductivity regions of the conductivity histories. There is a tendency for the "fiat top",
"rounded top" and "long slope upwards" shapes to prevail at the 2-atm condition, whereas shapes
with a definite early peak ("early hump, then lower fiat region" and "double hump - camel")
become more common at the higher-pressure conditions. However, at all conditions the shapes
are highly variable from run to run and show little or no correlation with the applied voltage. It
is believed that this variability may well be due to the varying conditions behind the main shock
wave.
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Table A.2- 15. Shapes of the high conductivity regions of the pseudo-conductivity
histories.
Shape of pseudo-conductivity history Number of runs with stated
shape at various test pressures
2 atm 5 atm
Flat top
Rounded top
Long slope upwards
Flat top, then late hump
Early hump, then lower flat region
Double hump, "camel"
5
3
6
1
1
1
3
5
3
13 arm
1
2
1
4
The main shock wave is followed by smaller shock waves and/or compression or rarefaction
waves that are highly variable from run to run. This can easily be seen to be so in the pressure
histories obtained at station D, well upstream of the electrodes. However, as it was not possible
to obtain pressure histories at the electrodes when current was being passed between the
electrodes, it was not possible to make a definitive correlation between the shapes of the
conductivity histories and the pressure history at the electrodes.
The changes in the dominant shapes of the conductivity histories between the various run
conditions shown in Table A.2- 11 were reexamined by noting the time from the start of current
flow to the first definite maximum of the conductivity for each test run. This data is presented in
Figure A.2- 53. All of the results for the individual runs are shown in the figure, as well as a
curve that joins the three average values for the three test conditions. There is a wide range of
variation of these times for each test condition likely due to the effects of additional shock
waves, compression waves, and rarefaction waves as discussed above. Nevertheless, there is a
definite tendency for the first peak in conductivity to arrive earlier as the pressure increases. This
is likely to be due to a more rapid approach to an equilibrium electron concentration after the
shock wave as the pressure increases.
In Figures A.2- 54, the electrode gap voltage-current characteristics 30-1as after the start of
current flow for the 3 test pressures will be compared. The three lines in the figure for the data
for 2, 5 and 13 atm were taken from the data presented in Figures A.2- 24, A.2- 38, and A.2- 49.
To create the trend lines in Figure A.2- 54, blocks of data points in Figures A.2- 24, A.2- 38, and
A.2- 49 were grouped together. The line based on the theoretical equilibrium value of the
conductivity was calculated for the average equilibrium conductivity for the three test conditions.
However, the maximum variation of the three equilibrium values from the average value is less
than 2% and would scarcely be detectable on the figure. Figure A.2- 55 corresponds to Figure
A.2- 54, except that the data is now taken at 15 _s after the start of current flow, and the data of
Figure A.2- 55 was obtained from Figures A.2- 26, A.2- 40, and A.2- 51.
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In the voltage range from 40 to 140 V, the resistance of the gap is much greater than the value
corresponding to the equilibrium conductivity, and likely due to the large voltage drops in the
electrode fall regions discussed earlier. In general, the current drawn in this region increases
with pressure at given voltage (except for the 2- and 5-atm curves at 30 _ts after the start of
current flow). This may well be due to the more rapid approach to the equilibrium electron
concentration at higher pressures discussed previously. In both figures the data for the 2-atm
condition shows a rapid increase in current at an essentially constant voltage of-140 V. Such
increases in current may reflect a response of the electrode gap to the voltage applied at the
beginning of current flow, which continues to increase as the current shown in Figures A.2- 54
and A.2- 55 increases. This was discussed earlier in Section A.2.6.1. No such increase in current
at nearly constant voltage are observed at the 5- and 13-atm test conditions until voltages of 330
to 400 V are reached. The increases in current at the higher voltages of 330 - 400 V can be, in
part, explained by ohmic heating of the gas at the 2- and 5-atm test conditions; however, this
explanation will not apply for the 13-atm test condition. (See discussions in Sections A.2.6.1,
A.2.6.2 and A.2.6.3.) Fifteen _s after the start of current flow, the three-test conditions show a
region (between voltages of 140 and 400 V, but with different voltage ranges for each test
condition), which follows fairly closely the line based on theoretical equilibrium conductivity.
Thirty p.s after the start of current flow, this correspondence is still quite good between 140 and
330 V for the 2-atrn test condition; unlike the other test conditions. The data for the 5-atm test
condition is only close to the theoretical line near 350 V, while the curve for the 13-arm data runs
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parallelto thetheoreticalinebetween110and400V, implyingaconstantresistanceabout1.8
times the theoretical value.
Another issue of importance is the breakdown in the gas. From the data taken (including current
and voltage histories, total light emission, monochromator histories, and the image converter
photographs) there appears to be no solid evidence of breakdown in the gas. Some of the current
histories do show late increases in current before the final and steep drop in current. These are
the histories that yield the "flat top, then late hump" and "double hump-camel" pseudo-
conductivity histories noted in Table A.2- 11. They could be interpreted to indicate the start of
breakdown. However, there are other runs at nearby conditions with higher voltages that show
no evidence of such late increases in current. In addition, as stated previously, there is no
indication of breakdown in any of the other diagnostics, including no indication of a sudden drop
in voltage. Also, as mentioned earlier, it is believed that the late increases in current are likely
due to the arrival of additional shock or compression waves, causing further heating of the gas.
The gas spends only -7 ItS traversing the electrode region and is continually renewed and for this
reason it is believed that the maximum voltages of-l,050 V are not sufficient to cause
breakdown in the flow geometry. If a region of the flow much longer than the3.1 cm electrode
length were subjected to the same voltages, it would seem more likely that breakdown would
occur.
A.2.7 Summary
Air conductivity experiments were carded out in the NASA Ames EAST facility. This facility
has a 10-cm diameter tube and was configured with a 76-cm long driver section and 445-cm long
driven tube section. The He driver gas is heated by an electric discharge from a 1.2 MJ capacitor
bank. For these experiments a skimmer tube projecting 23 cm into the driven tube from the blind
end with a 3.5-cm inside diameter was used to remove the boundary layer in the driven tube and
direct the core flow into the conductivity channel. The conductivity channel was 3.1 cm square
and was lined with Delrin plastic. A pair of 3.1-cm square brass electrodes were located flush
with the walls of the Delrin-lined channel about 40 cm downstream of the skimmer tube inlet.
The insulating Delrin extended 9 cm upstream and 40 cm downstream of the electrodes.
The initial driven tube fill gas was 2N20 + 1.76N 2, chosen to provide the same N/O atom ratio as
air after shock heating and to provide an increased test time when compared to operation of the
facility with air as the driven tube fill gas. The nominal shock velocity was 4.65 kin/s, chosen to
produce an ionization fraction of-10 "4. Unfortunately, the shock velocity was found to vary as
much as +6% between successive nominally identical test runs. The driven-tube fill-pressures
were chosen to provide nominal after-shock pressures of 2, 5, and 13 atm, thus providing three
basic test conditions. A total of 51 tests were conducted, including 36 satisfactory runs with
current between the electrode pair.
The current to the electrodes was provided by a power supply with a 720 Itfd capacitor bank that
could be charged up to 4,500 V. The capacitors were connected to the electrodes through a salt-
water ballast resistor and a second salt-water resistor was placed in parallel with the electrode
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gap. Thepre-chargedcapacitorbankwasswitchedacrosstheelectrodegap-resistornetworkby
usinganignitrontube. Thevoltagesinitially acrosstheelectrodesrangedfrom 45 to 1,060V,
andthemaximumcurrentsrangedfrom-5 to -3,000 A dependingupontheappliedvoltage,
driventubepressure,andshockvelocity.
Diagnosticsincludedroutineshocktubediagnosticsandspecialdiagnosticsat theelectrode
station. Theroutineshocktubediagnosticsincludedionizationgaugeshockdetectors,
piezoelectricquartzcrystalpressuregauges,andphotomultipliertubesthatareusedto measure
thetotal light emission.Thesediagnosticsallow themeasurementof theshockvelocitiesand
pressures,while watchingfor additionalshockwaves,compressionwaves,andrarefactions;
alongwith thearrivalof drivergascontamination.At theelectrodestation,thevoltageacrossthe
electrodeswasmeasuredusingavoltagedividerandby measuringthecurrentthrougharesistor
connectedin parallelto theelectrodes.Thecurrentto thetop andbottomelectrodeswas
measuredusingcurrenttransformers.Two 5-cmdiameterPlexiglasTM windows permitted a view
of the area between the electrodes. The total light emission from the electrode region was
initially measured using a photomultiplier tube and this diagnostic was later replaced by two
monochromators tuned to look at a He line and 10 nm to one side of the He line. These two
monochromators were used to detect the arrival of He driver gas contamination. An image
converter camera (IMACON) was used to obtain up to 8 frames at 4-_ts intervals of the flow
between the electrodes. A technique to measure the electron density by measuring the width of
the H-I] line was attempted, but was made difficult by the high-pressure (13-arm) test condition
that was being conducted when the diagnostic was first tried, and by an overlapping Fe spectural
line caused by contamination from the tube walls or the diaphragm. This diagnostic will be tried
again later at a lower-pressure test condition.
At each pressure condition, runs were conducted at a number of different applied voltages, and
current and voltage histories were obtained. It was determined that a certain fraction of the
current from the upper electrode (at a potential above ground) was returning to ground in the
driven tube upstream of the insulating Delrin liner, rather than to the lower (ground potential)
electrode. The fraction of the diverted current was typically about 10% for runs with heavy
currents, but was as much as 50 - 60% at low currents, particularly towards the beginning of the
current flow. Since it was desired to study the current flowing directly across the electrode gap,
almost all of the studies were done based on the current flowing to the lower electrode. "Pseudo-
conductivities" were calculated based of the voltage across the electrodes, the current to the
lower electrode, and the electrode gap and area. The "pseudo-conductivities" are obviously not
the true conductivities since they include the voltage drops across the electrode fall regions.
Most of the pseudo-conductivity histories show, in general, the following features. The pseudo-
conductivities rise very rapidly for the ftrst 7- to 30-1ss. The rise in pseudo-conductivity is
generally followed by a region of high conductivity lasting usually 20- to 50-_s. This high
conductivity region can be fairly flat, but cart also be sloped or show a hump(s) at the beginning
and/or end. These various features that can be found in the high conductivity region of the
history are thought to be due to conductivity changes consequent to the arrival of additional
compression or rarefaction waves and the resulting temperature changes. The pseudo-
conductivity starts to fall steeply 40- to 60-I.ts after the start of current flow. Note that at a
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nominalshockvelocityof 4.6km/s,it takestheshockwaveabout7 _tsto crosstheelectrode
face. Thus,thefirst partof the initial steeprisein pseudo-conductivitymorethanlikely reflects
thefactthatit takesabout7 Its for theshockwaveto completelyfill theregionbetweenthe
electrodeswith heatedgas. However,thepseudo-conductivitycontinuesto risesubstantially
between7 and15- 30 Itsafterthestartof currentflow. Two possibleexplanationsareas
follows: a) theelectronpopulationmaytakethis longaftertheshockwavepassageto comeup
to avaluethatis in equilibriumwith thegastemperatureandtheprevailingelectricfield; b) the
currentmaybeflowing mainly in theboundarylayersthatextendbetweentheelectrodes;and
theseboundarylayerswill initially thickenrapidly,butwill stabilizeataconstanthickness.
Finally,therapiddropinpseudo-conductivityis believedto bedueto thearrivalof themuch
coolerdrivergas40 to 60 Itsafterthestartof currentflow.
Thetesttime availablefrom thestartof currentflow until thearrivalof drivergascontamination
wasestimatedfrom thetimeof thestartof thefinal andrapiddropinpseudo-conductivity.These
datashowedtesttimesdroppingfrom50-70Itsatshockvelocitiesof 4.5km/sto 40-50its at
5.0km/sto -30 Itsat6.3km/s. Usingthemonochromatorsattheelectrodestationtunedonand
to onesideof aHe line, it appearedthattheHedrivergascontaminationarrivesroughly 10Its
beforethestartof thefinal andsteepdropin pseudo-conductivityis observed.
At eachof thethreetestconditions;current,voltage,andpseudo-conductivitydata15and30 Its
afterthestartof currentflow wereusedto evaluatetheeffectof theappliedvoltageandcurrent
on thedischargecharacteristics.(Notethevoltagesappliedacrosstheelectrodesatthestartof
currentflow rangedfrom45 to 1,060V; however,thevoltagedata15and30 Its afterthestartof
currentflow werelower,from 40to 490V, dueto theinability of thepowersupplyto maintain
thevoltageat heavycurrentdraws.)For eachtestcondition,theoreticalequilibriumconductivity
wascalculated,andwasusedasabenchmarkagainstwhichto comparetheexperimentally
measuredvalues. Generally,thedatafromthethreetestconditionsshowedthefollowing
characteristics.In thecurrentrangefrom-2 to -300 A, themeasuredpseudo-conductivities
werebelowthecalculatedequilibriumconductivity,beingasmuchas50timeslessat currentsof
-2 A. Thisratiodroppedto -15 atcurrentsof-10 A and-3 atcurrentsof-100 A. In these
currentranges,it isbelievedthatthebulk gashasaconductivitycloseto thetheoretical
equilibriumvalue;but thattheresistanceof thevoltagedropregionsat theelectrodesincreases
veryrapidlyasthecurrentdrops. In general,in thecurrentrangesof 300-700A, thepseudo-
conductiviteswerefoundto be relativelycloseto thetheoreticalequilibriumconductivities.In
this currentrangeit is believedthattheresistancesof thevoltagedropregionsat theelectrodes
aremuchsmallerdueto theheaviercurrentsandtheconductivityof thecoreflow gas
predominates.Finally, in thecurrentrange700- 3,000A, thepseudo-conductivitiesare30 -
100%abovethetheoreticalcoreflow gasequilibriumconductivities.Forthe2- and5-armtest
conditions,this increasecanbesomewhatexplainedby ohmicheatingof thecoregas.This
explanationwill notsufficefor the13-armtestcondition. It ispossiblethatthehigh-electric
fieldsproducesomenonequilibriumionizationunderthehigh-currentconditions,andthis may
beresponsiblefor someof theobservedincreasein thepseudo-conductivityovertheequilibrium
valuesatthehighercurrents.Thiswouldseemlesslikely to beapossibleexplanationat the 13-
atmconditionwhereit shouldbemuchmoredifficult to obtainnonequilibrium.
A.2-72
At the2-atmtestcondition,thereis aregionin thevoltage-currentcharacteristicsof theelectrode
gapwherethereis a largechangein current(from-100 A to -250 A) with almostno voltage
changeatthetimethatthecurrentwasmeasured.(Thevoltagewasessentiallyconstantat 140V
for this currentrange.)However,therewasavoltagechangeatthebeginningof thecurrentflow
betweentherunswith -100 A andtherunswith -250 A. Hence,in thecasesat 15and30p.s
afterthestartof currentflow, theelectrodegapis likely respondingto thevoltagesimpressedon
thegapatthestartof currentflow. (As mentionedpreviously,thereis aconsiderabledifference
betweenthevoltagesatthestartof currentflow andthevoltagesat 15and30_tsafterthestartof
currentflow becauseof theinability of thepowersupplyto maintainthevoltageat heavycurrent
draws.)
Thevoltage-currentcharacteristicsof the electrode gap 15 and 30 _ts after the start of current
flow were generally found to be fairly similar for all three pressure conditions. However, at the
lower voltages, considerably more current was drawn at the higher pressures. On comparing the
pseudo-conductivity histories for the three pressure conditions, it was found that the
conductivities rose considerably more rapidly at the higher pressures. This is believed to be due
to the more rapid approach to the equilibrium electron densities at the higher pressures.
A number of interesting features were observed in the IMACON photographs of the discharge
region. Oblique shock waves were seen to emanate from the leading edges of the electrodes.
Mach numbers of the flow between the electrodes can readily be calculated from the angles of
these shock waves. The theoretical Mach numbers in equilibrium flow behind a shock wave at
the observed velocity at the electrodes have also been calculated. In general, the experimentally
observed Mach numbers are 0.20 to 0.45 less than the theoretical values. There are several
possible explanations for this, which include boundary layer growth, both natural growth without
electrical energy deposition and enhanced growth due to electrical energy deposition, may help
to throttle the flow somewhat and thus to reduce the Mach number. At higher currents, energy
deposition in the bulk gas may result in a Mach number reduction. Further, the relatively low
experimental Mach numbers may also be partially due to the fact that the experimental gas flow
may not yet be in equilibrium when the photographs are taken, and therefore, may not have all of
the degrees of freedom of the gas excited. This would lead to a specific heat ratio larger than the
equilibrium value and a Mach number smaller than the equilibrium value.
Perhaps the most interesting feature observed in the IMACON photographs was the presence of
"hot spots" on the electrode surfaces. For some test conditions, discrete light sources could be
seen on the electrodes. At the 2-arm test condition fixed spots of bright light are frequently
visible at the edges of both electrodes, where the radii of the electrodes will produce an electric
field increase. In addition, also at the 2-atm test condition and at the highest currents, moving
spots of light are visible on the lower electrode (the cathode). The moving spots of light were
not observed at lower voltages and currents at the 2-atm test conditions and were not observed at
the 5- and 13-atm test conditions. In general, a smooth glow is seen along the electrodes at the 5-
and 13-atm test conditions. It was noted that this glow becomes progressively more intense after
the shock wave passes in all three test conditions; however, the rate of increase of the electrode
glow becomes progressively more rapid as the pressure increases. This may be due to the faster
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approachto equilibriumathigherpressuresanddensities and may well be closely connected with
the more rapid current and pseudo-conductivity rises seen at higher pressures.
From all of the acquired data, including current and voltage histories, total light emission,
monochromator histories and the IMACON photographs there appears to be no solid evidence of
breakdown in the gas. Some of the current histories do show late increases in current, before the
final and steep drop in current. However, there are other runs at nearby conditions with higher
voltages that show no evidence of such late increases in current. In addition, as previously
stated, there is no indication of breakdown in any of the other diagnostics, including no
indication of a sudden drop in voltage. Note that the gas spends only -7 _ts traversing the
electrode region and is continually renewed and for this reason it is believed that the maximum
voltages of-1,050 V are not sufficient to cause breakdown in the flow geometry.
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Data Compendium
This data compendium consists of a condiderable fraction of the data obtained for each of Runs
13 - 51. The data is, for the most part, presented run by run. The order of the data presented for
each run is as follows:
1. Data sheet.
2. Voltage history from voltage divider.
3. Voltage history from current in resistor.
4. Current history to top electrode.
5. Current history to bottom electrode.
6. Pseudo-conductivity history from current to bottom electrode and
one of the voltage histories.
7. Image converter photograph of the region between the electrodes.
Data is not provided for Runs 1 - 9, which were performed without current passing between the
electrodes. Data is also not provided for Runs 10 - 12, for which current was only measured to the
top electrode. The seven items listed above were not all available for all of runs 13 - 51. Since there
was no current for Runs 20 and 24, items 2 - 6 are lacking for these runs. For Run 13, the bottom
electrode was not connected, hence items 5 and 6 are lacking for this run. Finally, image converter
photographs were not obtained for Runs 15, 21, 29, 30 and 42.
The data sheet giving the test conditions starts (See. 1) by giving the driven tube gas mixture,
fill pressure and estimated shock velocity at the electrodes. This latter velocity is frequently
estimated from the average velocity measured between stations D and F. The correlation between the
average velocity between stations D and F and the shock velocity at the electrodes was established
during early runs without current, when there was a pressure transducer at the electrode station to
allow the shock velocity at the electrodes to be determined very accurately. Under some conditions
(with very heavy currents), the time of shock passage of station F cannot be determined due to
severe EM noise pickup on the pressure transducer at station F. In these cases, the shock velocity
was determined by noting the time interval between the shock passage of station D and the start of
the current to the electrodes. This time interval was found to be very accurately related to the time
interval between the shock passage between stations D and F in the many test runs when the shock
passage time at station F could be accurately determined.
The measured shock pressure at station D, upstream of the test section, is given next. This
value should be quite accurate and is considerably higher than the nominal pressure because the shock
wave slows down between station D and the electrodes. The shock pressures given from the pressure
transducer located at station F, downstream of the electrodes are to be regarded as rather uncertain,
on account of the very large noise pickup, from the large current between the electrodes, on this
transducer.
A number of critical facility dimensions are then presented (See. 2). Section 3 gives the
nominal pressure condition and the voltages across the plasma at the beginning of current flow and
after 30 lxsec of current flow. Finally, Sec. 4 gives an assessment of whether breakdown appears to
have occurred.
Following all of the run by run sets of data for Runs 13 - 51, six tables are presented which give
data regarding the image converter photographs. The first two tables are for the 2 atm nominal test
condition, the next two tables for the 5 arm condition and the last two tables for the 13 atm test
condition. The first table for each of the three run conditions contains the following, in order:
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Runnumber
Shockvelocityat stationE
Shockpressureat stationD
Voltageat startof current
Timeof framenumber1afterstartof current
Interframeshockvelocityfrom photograph
Shockvelocityfrom stationD to appearenceof shockin photograph
Theinterframetimeintervalis 4 _tsec.If the shockappearsin morethan one frame, an interframe
shock velocity can be calculated and is given in the sixth column of the table. The methods of
calculating this velocity and the velocity in column seven are discussed in the report.
The second table for each of the three run conditions contains the following, in order:
Run number
Experimental flow Mach numbers (four columns)
Theoretical flow Mach number.
Frame numbers for the experimental flow Math numbers.
The experimental flow Mach numbers are calculated from the observed shock wave angles, as
described in the report. The theoretical flow Mach numbers are calculated for equilibrium flow behind
the main vertical shock wave, again as described in the report.
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Run
Number
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
5O
51
Run
Date
511197
515197
5/5/97
5/6/97
5/7197
518197
519197
5112197
5113/97
5/13/97
5/14/97
5/15/97
5/15/97
5/16/97
5/19/97
5120197
5/22/97
5123197
5127197
5128197
5129197
5130/97
5130197
612197
613197
614197
615197
6/6/97
6/9/97
6/10/97
6/11/97
6/12/97
6/13197
6/16/97
6/17/97
6/18197
6/19/97
6120197
6120197
Nominal
Pressure
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
5
5
5
5
5
5
5
5
5
5
5
5
5
2
2
13
13
13
13
13
13
13
13
Comments
Lower electrode not connected
No current to electrodes
No current to electrodes
High shock velocity
High shock velocity
0.5% H2 added to driven tube
0.5% Hz added to driven tube
0.5% H2 added to "driven tube
0.5% H2 added to driven tube
0.5% H2 added to driven tube
0.5% H2 added to driven tube
0.5% Hz added to driven tube
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AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/13, 5/1/97
1. Driven tube condition_:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 5.035 km/sec
Estimated shock velocity at electrodes 4.845 km/sec
Measured shock pressure at stn D - 2.57 atm
Measured shock pressure at stn F - 1.53 - _ uncertain
due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. N0min_l test conditions:
Pressure - 2 atm
Voltage across electrodes - 174/122 V
Lower electrode not connected
4. Breakdown:
Little or no indication of breakdown.
A.2-79
Run no: 13
Shock vel. at E: 4.85 km/sec
Date: 5/1/97 Shock press, at D: 2.57 arm
Voltage at start of current flow: 174 V
Frame:
Time:
Mach no:
Frame:
Time:
Mach no:
V[:
2 4 6 8
2.69
1 3 5 7
2.59 2.42
km/sec VCAV: km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5_3.
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Run 13. Voltage from divider.
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Run 13. Voltage from current in resistor.
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Run 13. Current to top electrode.
A.2-82
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/14, 5/5/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.836 km/sec
Estimated shock velocity at electrodes - 4.653 km/sec
Measured shock pressure at stn D - 2.44 atm
Measured shock pressure at stn F - 1.80 - _ uncertain
due to large EM noise pickup
2. Electrodes, driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) 20.32 cm
3. Nominal test conditions:
Pressure - 2 atm
Voltage across electrodes 176/122 V
4. Breakdown:
Little or no indication of breakdown.
A.2-83
Run no: 14
Shock vel. at E: 4.65 km/sec
Date: 5/5/97 Shock press, at D: 2.44 atm
Voltage at start of current flow: 174 V
Frame: 2 4 6 8
Time: 2.5 10.5 18.5 26.5
Mach no: 2.46
Frame: 1 3 5 7
Time: - 1.5 6.5 14.5 22,5
Mach no: 2.85
VI: km/sec VCAV: 4,90 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Maeh numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 14. Voltage from divider.
>
c5
O
>
200
150
100
5o
0
-I,02
i I g i I i v I i I r I I I I t I I I ! I I # l I I 1 i i I I I , I I I i i I I I I I I I I I t i
r lEAsT I
ITEST 39, RUN 14[ ./_.._.
15/2/97 I ....
...... VOLTAGE FROM I ....
...... ' ' CURFENTTHFE)UGH ...........
• : ...... _ .........
I I I I | I I I I I I I t I I I I I I I I I I ! I I I I I I I I I I I t q I I I I I I I I I I I I
-1.00 -0.98 -0,96 -0.94
msec
Run 14. Voltage from current in resistor.
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Run 14. Current to top electrode.
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Run 14. Current to bottom electrode.
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Run 14. P_udo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-87
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/15, 5/5/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.765 km/sec
Estimated shock velocity at electrodes 4.585 km/sec
Measured shock pressure at stn D - 2.42 atm
Measured shock pressure at stn F - 1.72 rather uncertain
due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 2 atm
Voltage across electrodes 173/128 V
4. Breakdown:
Little or no indication of breakdown.
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Run 15. Voltage from divider.
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Run 15. Voltage from current in resistor.
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Run 15. Current to top electrode.
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Run 15. Current to bottom electrode.
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Run 15. Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
-0.92
A.2-91
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/16, 5/6/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 5.087 km/sec
Estimated shock velocity at electrodes 4.895 km/sec
Measured shock pressure at stn D - 2.75 atm
Measured shock pressure at stn F - 2.00 _ uncertain
due to large EM noise pickup
2. Electrodes, driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 2 atm
Voltage across electrodes 324/150 V
4. Breakdown:
Little or no indication of breakdown.
A.2-92
Run no: 16
Shock vel. at E: 4.89 km/sec
Date: 5/6/97 Shock press, at D: 2.75 arm
Voltage at start of current flow: 324V
Frame: 2 4 6 8
Time: 9.2 17.2 25.2 33.2
Mach no: 2.69
Frame: 1 3 5 7
Time: 5.2 13.2 21.2 29.2
Mach no: 2.57
VI: krn/sec VCAV: 5.05 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 16. Voltage from divider.
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Run 16. Voltage from current in resistor.
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Run 16. Current to top electrode.
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Run 16. Current to bottom electrode.
A.2-95
E,g
>
Y
1.0
0.8
0.6
0.4
0.2
0.0
-I.02
msec
Run 16. Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-96
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/17, 5/7/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.719 krn/sec
Estimated shock velocity at electrodes - 4.540 km/sec
Measured shock pressure at stn D - 2.33 atm
Measured shock pressure at stn F - 1.40 _ uncertain
due to large EM noise pickup
2. Electrodes, driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 2 atm
Voltage across electrodes - 186/146 V
4. Breakdown:
Little or no indication of breakdown.
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Run 17, voltage across electrodes from divider.
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Run 17, voltage across electrodes from current in resistor.
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Run 17, current to top electrode.
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Run |7, current to bottom electrode.
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Run 17, pseudo-conductivity from current to bottom electrode and
voltage from divider.
A.2-100
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/18, 5/8/97
1. Driven tube coaditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.909 km/sec
Estimated shock velocity at electrodes 4.723 km/sec
Measured shock pressure at stn D - 2.55 atm
Measured shock pressure at stn F - 1.47 _ uncertain
due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) -
Electrodes (channel) to stn F (channel) -
3. Nominal test conditions:
Pressure 2 atm
Voltage across electrodes - 277/163 V
4. Breakdown:
Little or no indication of breakdown.
77.365 cm
20.32 cm
A.2-101
Run no: 17
Shock vel. at E: 4.54 km/sec
Date: 5/7/97 Shock press, at D: 2.33 atm
Voltage at start of current flow: 186 V
Frame: 2
Time: - 1.8
Mach no:
Frame: 1
Time: -5.8
Mach no:
VI:
4 6 8
6.2 14.2 22.2
3 5 7
2.2 10.2 18.2
km/sec VCAV: 4.8 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
A.2-102
Run no: 18
Shock vel. at E: 4.72 km/sec
Date: 5/8/97 Shock press, at D: 2.55 atm
Voltage at start of current flow: 277 V
Frame: 2 4 6 8
Time: 5.2 13.2 21.2 29.2
Mach no: 2.24 2.32
Frame: 1 3 5 7
Time: 1.2 9.2 17.2 25.2
Mach no: 2.42 2.48
Vn: 4.6 km/sec VCAV: 4.96 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 18. Voltage from divider.
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Run 18. Voltage from current in resistor.
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Run 18. Current to top electrode.
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Run 18. Current to bottom electrode.
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Run 18. Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-106
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/19, 5/9/97
1. Driven tube conditions:
53.2% N20, 46.8% N 2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.742 krn/sec
Estimated shock velocity at electrodes 4.563 km/sec
Measured shock pressure at stn D - 2.29 atm
Measured shock pressure at stn F - 2.19 _ uncertain
due to large EM noise pickup
2. ElectrQd¢_. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. N0min_al test conditions:
Pressure - 2 atm
Voltage across electrodes - 371/219 V
4. Breakdown:
Little or no indication of breakdown.
A.2-107
Runno: 19
Shock vel. at E: 4.56 km/sec
Date: 5/9/97 Shock press, at D: 2.29 atm
Voltage at start of current flow: 371 V
Frame: 2 4 6 8
Time: -0.6 7.4 15.4 23.4
Mach no: 2.33
Frame: 1 3 5 7
Time: -4.6 3.4 11.4 19.4
Mach no: 2.33
V1:4.6 km/sec VCAV: 4.84 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start ofthe current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 19. Voltage from divider.
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Run 19. Voltage from current in resistor.
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Run 19. Current to top electrode.
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Run 19. Current to bottom electrode.
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A.2-III
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/20, 5/12/97
1. Driven tube conditions:
53.2% N20, 46.8% N 2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.788 km/sec
Estimated shock velocity at electrodes - 4.607 km/sec
Measured shock pressure at stn D - 2.43 atm
Measured shock pressure at stn F - 2.23 atm
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) -
Electrodes (channel) to stn F (channel) -
3. Nominal test conditions:
Pressure - 2 atm
Voltage across electrodes - 0/0 V
4. Breakdown:
No voltage applied to electrodes.
77.365 cm
20.32 cm
A.2-112
Run no: 20
Shock vel. at E: 4.61 km/sec
Date: 5/12/97 Shock press, at D: 2.43 arm
Voltage at start of current flow: 0 V
Frame: 2 4 6 8
Time: 0.9 8.9 16.9 24.9
Mach no: 2.46 2.42
Frame: 1 3 5 7
Time: -3.1 4.9 12.9 20.9
Mach no: 2.42 2.42
V_: 4.6 km/sec VCAV: 4.82 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
A.2-113
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/21, 5/13/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.860 km/sec
Estimated shock velocity at electrodes - 4.676 km/sec
Measured shock pressure at stn D - 2.86 atm
Measured shock pressure at stn F - N/A due to large
EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test condition_:
Pressure - 2 atm
Voltage across electrodes - 229/143 V
4. Breakdown:
Little or no indication of breakdown.
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Run 21. Voltage from divider.
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Run 21. Voltage from current in resistor.
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Run 21. Current to top electrode.
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Run 21, Current to bottom electrode,
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Run 21. Pseudo-conductivity based on current to bottom electrode and voltage
from current in resistor.
A.2-117
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/22, 5/13/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.933 km/sec
Estimated shock velocity at electrodes 4.747 km/sec
Measured shock pressure at stn D - 2.76 atm
Measured shock pressure at stn F - N/A due to large
EM noise pickup
2. Electrodes. driven tube dimensiorl_;
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 2 atm
Voltage across electrodes - 520/318 V
4. Breakdown:
Little or no indication of breakdown.
A.2-118
Run no: 22
Shock vel. at E: 4.75 km/sec
Date: 5/13/97 Shock press, at D: 2.76 atm
Voltage at start of current flow: 509 V
Frame: 2
Time: 2.9
Mach no:
Frame: 1
Time: - 1.1
Mach no:
Vi:
4 6 8
10.9 18.9 26.9
3 5 7
6.9 14.9 22.9
km/sec VCAV: km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 22. Voltage from divider.
Co
t_
O
>
msec
Run 22. Voltage from current in resistor.
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Run 22. Current to top electrode.
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Run 22. Current to bottom electrode.
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Run 22. Pseudo-conductivity based on current to bottom electrode and voltage
from current in resistor.
A.2-122
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/23, 5/14/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - N/A
Estimated shock velocity at electrodes - 4.623 km/sec
(Scaled from shot 22 using D to E times.)
Measured shock pressure at stn D - 2.72 atm
Measured shock pressure at stn F - N/A
2. Electl:Qdes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) -
Electrodes (channel) to stn F (channel)
3. Nominal test conditions:
Pressure - 2 atm
Voltage across electrodes - 714/370 V
4. Breakdown:
Little or no indication of breakdown.
77.365 cm
20.32 cm
A.2-123
Run no: 23
Shock vei. at E: 4.62 km/sec
Date: 5/14/97 Shock press, at D: 2.72 atm
Voltage at start of current flow: 712 V
Frame: 2 4 6 8
Time: -1.6 6.4 14.4 22.4
Mach no:
Frame: 1 3 5 7
Time: -5.6 2.4 10.4 18.4
Mach no:
Vt: 4.5 km/sec VCAV: 4.75 kin/see
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 23. Voltage from divider.
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Run 23. Voltage from current in resistor.
A.2-125
<c-
2
t,.
ro
!-! . '.. '. ! : : ! . . ' ! '. '. ; '... ! '_ ' , ' ? ! '.. ! '. ' . , ! ! '.. I '. '. ' ! ' ' ' ':1
_:!!i, ,!!i!!.!; _'. .. --_\R:\_!!i:"i.;;.. j
1oool.... i'-......ii'ili!!- . i
.oo[..........! !/iiii ii iii....
 °°Ii/! iii!iii!!!ii!ii!!
2ooi..._i.....i;.-f _-_--..-,.:_.i.i:.iii!!-i:.-!._!:--i .... i.i:i ..... i i_ !-
ii!.!!::::ii_i!i:,i ilii! iiii! ii!! :_! il ii_:-
-1.00 -0.98 -0.96 -0.94 -0.92
msec
Run 23. Current to top electrode.
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Run 23. Current to bottom electrode.
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Run 23. Pseudo-conductivity based on current to bottom electrode and voltage
from current in resistor.
A.2-127
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/24, 5/15/97
1. Driven tube conditigns:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.909 km/sec
Estimated shock velocity at electrodes - 4.723 km/sec
Measured shock pressure at stn D - 2.84 atm
Measured shock pressure at stn F - 2.38 atm
2. Electrodes. driven tube dimensiQn_;
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) -
Electrodes (channel) to stn F (channel) -
3. Nominal test conditions:
Pressure - 2 atm
Voltage across electrodes - 0/0 V
4. Breakdown:
No voltage applied to electrodes.
77.365 cm
20.32 cm
A.2-128
Run no: 24
Shock vel. at E: 4.72 km/sec
Date: 5/15/97 Shock press, at D: 2.84 arm
Voltage at start of current flow: 0 V
Frame: 2 4 6 8
Time: 4.7 12.7 20.7 28.7
Mach no: 2.26
Frame: 1 3 5 7
Time: 0.7 8.7 16.7 24.7
Mach no: 2.46
Vl: 4.5 km/sec VCAV: 4.97 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
A.2-129
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/25, 5/15/97
1. Driven tube conditions:
53.2% N20, 46.8% N 2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D (pressure) and F (light)
5.3.08 km/sec
Estimated shock velocity at electrodes - 5.062 kin/see
(Scaled from shot 22 using D to E times + speed from pressure
transducer at D to light at F for this run.)
Measured shock pressure at stn D - 3.39 atm
Measured shock pressure at stn F - N/A
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) -
Electrodes (channel) to stn F (channel) -
3. Nominal test conditions:
Pressure 2 atm
Voltage across electrodes - 95/83 V
4. Breakdown:
Little or no indication of breakdown.
77.365 cm
20.32 cm
A.2-130
Run no: 25
Shock vel. at E: 5.06 km/sec
Date: 5/15/97 Shock press, at D: 3.39 atm
Voltage at start of current flow: 95 V
Frame: 2 4 6 8
Time: 1.9 9.9 17.9 25.9
Mach no: 2.31 2.40
Frame: 1 3 5 7
Time: -2.1 5.9 13.9 21.9
Mach no: 2.40
Vl: 4.6 km/sec VCAV: 5.37 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 25. Voltage from divider.
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Run 25. Voltage from current in resistor.
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Run 25. Current to bottom electrode.
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Run 25. Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-134
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/26, 5/16/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D (pressure) and F (light) -
5.061 km/sec
Estimated shock velocity at electrodes 4.840 km/sec
(Scaled from shot 22 using D to E times + speed from pressure
transducer at D to light at F for this run.)
Measured shock pressure at stn D - 3.07 atm
Measured shock pressure at stn F - NIA
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing- 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) -
Electrodes (channel) to stn F (channel) -
3. Nominal test conditions:
Pressure 2 atm
Voltage across electrodes 92/80 V
4. Breakdown:
Little or no indication of breakdown.
77.365 cm
20.32 cm
A.2-135
Run no: 26
Shock vel. at E: 4.84 km/sec
Date: 5/16/97 Shock press, at D: 3.07 arm
Voltage at start of current flow: 92 V
Frame: 2 4 6 8
Time: -4.2 3.8 11.8 19.8
Mach no: 2.30
Frame: 1 3 5 7
Time: -8.2 -0.2 7.8 15.8
Mach no: 2.39
VI: 4.6 km/sec VCAV: 5.14 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 26. Voltage from divider.
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Run 26. Voltage from current in resistor.
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Run 26. Current to top electrode.
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Run 26. Current to bottom electrode.
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Run 26. Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-139
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/27, 5/19/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.719 km/sec
Estimated shock velocity at electrodes, from At(DF) 4.541 km/sec
Measured shock pressure at stn D - 2.60 atm
Measured shock pressure at stn F - 2.60 atm; this value
rather uncertain due to large EM noise pickup
2. Electrodes. driven tube dimensiorls:
Electrode size - 3.10 cm square
Electrode spacing 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) 20.32 cm
3. Nominal test conditions:
Pressure - 2 atm
Voltage across electrodes - 92/83 V
4. Breakdown:
Little or no indication of breakdown.
A.2-140
Run no: 27
Shock vel. at E: 4.54 km/sec
Date: 5/19/97 Shock press, at D: 2.60 atm
Voltage at start of current flow: 92 V
Frame: 2
Time: -1.6
Mach no:
Frame: 1
Time: -5.6
Mach no:
VI:
4 6 8
6.4 14.4 22.4
3 5 7
2.4 10.4 18.4
km/sec VCAV." 4.77 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 27. Voltage from divider.
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Run 27. Voltalze from current in resistor.
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Run 27. Current to top electrode.
35
30
25
< 20
r-
®
L) 15
10
" IEASTFACILrFY " " ' " : ; .............
. .ITEST39, RUN27 : i :. i. i : ! i : _ _. :, : ' :. i i i :, : : . .
- 15119/97 . ; ...........
- 1.00 -0.98 -0.96 -0.94 -0.92
msec
Run 27. Current to bottom electrode.
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Run 27. Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-144
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/28, 5/20/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 5.20 Torr
Measured shock velocity between stns D and F - 4.719 km/sec
Estimated shock velocity at electrodes, from At(DF) - 4.541 km/sec
Measured shock pressure at stn D - 2.68 atm
Measured shock pressure at stn F - 1.91 atm; this value
rather uncertain due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 2 atm
Voltage across electrodes - 46.6/40.3 V
4. Breakdown:
Little or no indication of breakdown.
A.2-145
Run no: 28
Shock vel. at E: 4.54 km/sec
Date: 5/20/97 Shock press, at D: 2.68 atm
Voltage at start of current flow: 46.6 V
Frame: 2
Time: -2.2
Mach no:
Frame: 1
Time: -6.2
Mach no:
VI: 4.8 km/sec
4 6 8
5.8 13.8 21.8
3 5 7
1.8 9.8 17.8
2.39
VCAV: 4.76 km/sec
1MACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 28. Voltage from divider.
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Run 28. Voltage from current in resistor.
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Run 28. Current to top electrode.
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Run 28. Current to bottom electrode.
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Run 28. Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-149
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/29, 5/22/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 13 Torr
Measured shock velocity between stns D and F - 4.322 km/sec
Estimated shock velocity at electrodes, from 6t(DF) 4.159 km/sec
Measured shock pressure at stn D - 4.72 atm
Measured shock pressure at stn F - 5.36 atm; this value
rather uncertain due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 5 atm
Voltage across electrodes - 91/81 V
4. Breakdown:
Little or no indication of breakdown.
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Run 29. Voltage from current in resistor.
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Run 29. Current to top electrode.
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Run 29. Current to bottom electrode.
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Run 29. Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-153
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/30, 5/23/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 13 Torr
Measured shock velocity between stns D and F - 4.380 km/sec
Estimated shock velocity at electrodes, from At(DF) - 4.215 km/sec
Measured shock pressure at stn D - 4.99 atm
Measured shock pressure at stn F - 5.64 atm; this value
rather uncertain due to large EM noise pickup
2. Electrodes. driven tube dimensiolls:
Electrode size - 3.10 cm square
Electrode spacing 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test cQnditi0ns:
Pressure 5 atm
Voltage across electrodes - 92/84 V
4. Breakdown:
Little or no indication of breakdown.
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Run 30. Voltage from divider.
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Run 30. Voltage from current in resistor.
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Run 30. Current to top electrode.
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Run 30. Current to bottom electrode.
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Run 30. Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-157
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/31, 5/27/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 13 Torr
Measured shock velocity between stns D and F - 4.835 km/sec
Estimated shock velocity at electrodes, from At(DF) - 4.653 km/sec
Measured shock pressure at stn D - 7.08 atm
Measured shock pressure at stn F - 4.90 atm; this value
rather uncertain due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure 5 atm
Voltage across electrodes - 92/86 V
4. Breakdown:
Little or no indication of breakdown.
A.2-158
Run no: 31
Shock vel. at E: 4.65 km/sec
Date: 5/27/97 Shock press, at D: 7.08 atm
Voltage at start of current flow: 92 V
Frame: 2 4 6 8
Time: 0.9 8.9 16.9 24.9
Mach no:
Frame: 1 3 5 7
Time: -3.1 4.9 12.9 20.9
Mach no:
Vl: 4.3 km/sec VCAV: 4.89 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 31. Voltage from divider.
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Run 31. Voltage from current in resistor.
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Run 31. Current to top electrode.
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Run 31. Current to bottom electrode.
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Run 31. Pseudo-conductivity from current to bottom electrode and voltage
from divider.
A.2-162
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/32, 5/28/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 13 Torr
Measured shock velocity between stns D and F - 5.114 km/sec
Estimated shock velocity at electrodes, from At(DF) - 4.921 km/sec
Measured shock pressure at stn D - 7.61 atm
Measured shock pressure at stn F - 6.58 atm; this value
uncertain due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) 20.32 cm
3. Nominal test conditions:
Pressure - 5 atm
Voltage across electrodes - 92/89 V
4. Breakdown:
Little or no indication of breakdown.
A.2-163
Run no: 32
Shock vel. at E: 4.92 km/sec
Date: 5/28/97 Shock press, at D: 7.61 arm
Voltage at start of current flow: 92 V
Frame: 2
Time: 8.9
Mach no:
Frame: 1
Time: 4.9
Mach no:
Vl:
4 6 8
16.9 24.9 32.9
3 5 7
12.9 20.9 28.9
km/sec VCAV: 5.08 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 32. Voltage from divider.
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Run 32. Voltage from current in resistor.
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Run 32. Current to top electrode.
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Run 32. Current to bottom electrode.
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Run 32. Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-167
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/33, 5/29/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 13 Torr
Measured shock velocity between stns D and F - 4.651 krn/sec
Estimated shock velocity at electrodes, from At(DF) - 4.475 km/sec
Measured shock pressure at stn D - 5.80 atm
Measured shock pressure at stn F - 7.11 atm; this value
uncertain due to large EM noise pickup
2. Electrodes. driven tube dimensi0ns:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test condition_:
Pressure - 5 atm
Voltage across electrodes 188/143 V
4. Breakdown:
Little or no indication of breakdown.
A.2-168
Run no: 33
Shock vei. at E: 4.47 km/sec
Date: 5/29/97 Shock press, at D: 5.80 arm
Voltage at start of current flow: 188 V
Frame: 2 4 6 8
Time: -4.4 3.6 11.6 19.6
Mach no: 2.40
Frame: 1 3 5 7
Time: -8.4 -0.4 7.6 15.6
Mach no: 2.53
VI: 4.8 km/sec VcAv: 4.68 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 33, Voltage from divider.
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Run 33. Volta2e from current in resistor.
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Run 33, Current to top electrode.
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Run 33. Current to bottom electrode.
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Run 33, Pseudo-conductivity based on current to bottom electrode and voltage
from divider.
A.2-172
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/34, 5/30/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure 13 Torr
Measured shock velocity between stns D and F - 4.741 km/sec
Estimated shock velocity at electrodes, from At(DF) 4.562 km/sec
Measured shock pressure at stn D - 5.97 atm
Measured shock pressure at stn F - 5.43 atm; this value
uncertain due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) 20.32 cm
3. Nominal test conditions:
Pressure - 5 atm
Voltage across electrodes 269/191 V
4. Breakdown:
Little or no indication of breakdown.
A.2-173
Run no: 34
Shock vel. at E: 4.60 km/sec
Date: 5/30/97 Shock press, at D: 5.97 atm
Voltage at start of current flow: 270 V
Frame: 2 4 6 8
Time: -0.6 7.4 15.4 23.4
Mach no: 2.37
Frame: 1 3 5 7
Time: -4.6 3.4 11.4 19.4
Mach no: 2.60 2.24
V_: km/sec VCAV: 4.80 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 34. Voltage from divider.
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Run 34. Voltage from current in resistor.
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Run 34. Current to top electrode.
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Run 34. Current to bottom electrode.
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Run 34. Pseudo-conductivity based on current to the bottom electrode and voltage
from divider.
A.2-177
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/35, 5/30/97
_. Driven tube conditions:
53.2% N20, 46.8% N 2,
Total pressure 13 Torr
Measured shock velocity between stns D and F - 5.035 km/sec
Estimated shock velocity at electrodes, from At(DF) - 4.845 km/sec
Measured shock pressure at stn D - 7.15 atm
Measured shock pressure at stn F - N/A due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure 5 atm
Voltage across electrodes - 470/310 V
4. Breakdown:
Little or no indication of breakdown.
A.2-178
Run no: 35
Shock vel. at E: 4.91 km/sec
Date: 5/30/97 Shock press, at D: 7.15 atm
Voltage at start of current flow: 469 V
Frame: 2
Time: 7.4
Mach no:
Frame: 1
Time: 3.4
Mach no:
VI:
4 6 8
15.4 23.4 31.4
3 5 7
11.4 19.4 27.4
km/sec VcAv: 5.06 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 35, voltage from divider.
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Run 35, voltage from current in resistor.
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msec
Run 35, current to top electrode.
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Run 35, current to bottom electrode.
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Run 35, pseudo-conductivity from current to bottom electrode and voltage
from current in resistor.
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A.2-182
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/36, 6/2/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 13 Torr
Measured shock velocity between stns D and F - 4.696 km/sec
Estimated shock velocity at electrodes, from At(DF) 4.519 km/sec
Measured shock pressure at stn D - 6.17 atm
Measured shock pressure at stn F - N/A due to large EM noise pickup
2. Electrodes. driven tube dimension_;
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test condifiQn_:
Pressure - 5 atm
Voltage across electrodes - 706/406 V
4. Breakdown:
Little or no indication of breakdown.
A.2-183
Run no: 36
Shock vel. at E: 4.63 km/sec
Date: 6/2/97 Shock press, at D: 6.17 arm
Voltage at start of current flow: 700 V
Frame: 2 4 6 8
Time: - 1.4 6.6 14.6 22.6
Mach no: 2.14
Frame: 1 3 5 7
Time: -5.4 2.6 10.6 18.6
Mach no: 2.32 2.14
VI: km/sec VcAv: 4.80 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 36, voltage across electrodes from divider.
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Run 36, voltage across electrodes from current in resistor.
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Run 36, current to top electrode.
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Run 36, current to bottom electrode.
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Run 36, pseudo-conductivity from current to bottom electrode and voltage from
current in resistor.
A.2-187
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/37, 6/3/97
1. Driven tube condition_:
53.2% N20, 46.8% N 2
Total pressure - 13 Torr
Measured shock velocity between stns D and F - N/A
Estimated shock velocity at electrodes 4.351 km/sec - scaled
from times of shock passage past pressure transducer at
stn D and start of current flow at electrodes at E
Measured shock pressure at stn D - 6.17 atm
Measured shock pressure at stn F - N/A due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 5 atm
Voltage across electrodes 1024/490 V
4. Breakdown:
Little or no indication of breakdown.
A.2-188
Run no: 37
Shock vel. at E: 4.45 km/sec
Date: 6/3/97 Shock press, at D: 6.17 arm
Voltage at start of current flow: 1024 V
Frame: 2 4 6 8
Time: -7.7 0.3 8.3 16.3
Mach no:
Frame: 1 3 5 7
Time: - 11.7 -3.7 4.3 12.3
Mach no:
V_: 4.2 km/sec VCAV: 4.63 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
A.2-189
:>
0')
0
800 ..... ...... i ! .... ! ._, ............. -
2°°Ii:i:i i:::i i i i!i ::!i:i i _:ii i l ii !7
o i:.:_i:i_:i::::i._i:: i!,:..i._ ..:i:i::i._.2:!:!.i:i::i.i:i:i::i i .i!::i:!..i. i:! i i.i:! i :.!
k iii i;.i_ iii;i ii i; i i i; ;i ii i iiii
60 80 100 120 140
psec
Run 37, voltage across electrodes from divider.
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Run 37, voltage across electrodes from current in resistor.
A.2- ]90
3500 i ! i , i i i i i i I I ! , I I ! I I I I _ _ I I I I I I I I ! I I I I I I I I _ I I l I r I ' v
3000 TEST 39 RUN 37 ; i _ i i ! i i ':/._i i i _ .__ ! i i _ i i L i i .
60 80 100 120 140
psec
Run 37, current to top electrode.
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Run 37, current to bottom electrode.
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Run 37, pseudo-conductivity from current to bottom electrode and voltage from
current in resistor.
A.2-192
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/38, 6/4/97
1. Driven tube conditions:
53.2% N20, 46.8% N2
Total pressure - 13 Torr
Measured shock velocity between stns D and F - N/A
Estimated shock velocity at electrodes - 4.846 krn/sec - scaled
from times of shock passage past pressure transducer at
stn D and start of current flow at electrodes at E
Measured shock pressure at stn D - 7.21 atm
Measured shock pressure at stn F - N/A due to large EM noise pickup
2. Electrodes. driven tube dimension_:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 5 atm
Voltage across electrodes - 1020/482 V
4. Breakdown:
Little or no indication of breakdown.
A.2-193
Run no: 38
Shock vel. at E: 4.85 km/sec
Date: 6/4/97 Shock press, at D: 7.21 atm
Voltage at start of current flow: 1020 V
Frame: 2 4 6 8
Time: 4.1 12.1 20.1 28.1
Mach no: 2.42 2.31
Frame: 1 3 5 7
Time: 0.1 8.1 16.1 24.1
Math no: 2.27
VI: 4.5 km/sec VCAV: 4.96 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 38, current to top electrode.
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Run 38, current to bottom electrode.
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Run 38, voltage across electrodes from divider.
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Run 38, voltage across electrodes from current in resistor.
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Run 38, pseudo-conductivity from current to bottom electrode and voltage from
current in resistor.
A.2-197
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/39, 6/5/97
1. Driven tube conditions:
53.2% N20 , 46.8% N 2
Total pressure - 13 Torr
Measured shock velocity between stns D and F - N/A
Estimated shock velocity at electrodes - 4.657 km/sec - scaled
from times of shock passage past pressure transducer at
stn D' and start of current flow at electrodes at E
Measured shock pressure at stn D - 6.49 atm
Measured shock pressure at stn F - N/A due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 5 atm
Voltage across electrodes - 469/310 V
4. Breakdown:
Little or no indication of breakdown.
A.2-198
Run no: 39
Shock vel. at E: 4.66 km/sec
Date: 6/5/97 Shock press, at D: 6.49 atm
Voltage at start of current flow: 469 V
Frame: 2
Time: 1.2
Mach no:
Frame: 1
Time: -2.8
Mach no:
VI:
4 6 8
9.2 17.2 25.2
2.24 2.42
3 5 7
5.2 13.2 21.2
4.5 km/sec VCAV: 4.85 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
A.2-199
6OO
500
400
>
O
>
300
200
100
0
40 60 80 100 120
psec
Run 39, voltage across electrodes from divider.
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Run 39, voltage across electrodes from current in resistor.
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Run 39, current to top electrode.
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run 39, current to bottom electrode.
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Run 39, pseudo-conductivity from current to bottom electrode and voltage from
current in resistor.
A.2-202
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/40, 6/6/97
1. Driven tube conditions:
53.2% N20, 46.8% N 2
Total pressure - 13 Torr
Measured shock velocity between stns D and F - N/A
Estimated shock velocity at electrodes - 4.946 km/sec - scaled
from times of shock passage past pressure transducer at
stn D and start of current flow at electrodes at E
Measured shock pressure at stn D - 8.00 atm
Measured shock pressure at stn F - N/A due to large EM noise pickup
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 5 atm
Voltage across electrodes - 190/151 V
4. Breakdown:
Little or no indication of breakdown.
A.2-203
Runno: 40
Shock vel. at E: 4.95 km/sec
Date: 6/6/97 Shock press, at D: 8.00 arm
Voltage at start of current flow: 190 V
Frame: 2
Time: 7.3
Mach no: 2.33
Frame: 1
Time: 3.3
Mach no:
V_: km/sec
4 6 8
15.3 23.3 31.3
VCAV:
3
11.3
2.40
5.09 km/sec
5 7
19.3 27.3
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 40, voltage across electrodes from divider.
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Run 40, voltage across electrodes from current in resistor.
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Run 40, current to top electrode.
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Run 40, current to bottom electrode.
A.2-206
140
0o
?
0
o
12.
0.30
0.25
0.20
0.15
0.10
0.05
r i0.00
-1.02
. ',', .' i 0",,, A o e I_
-1.00 -0.98 -0.96 -0.94 -0.92
msec
Run 40, pseudo-conductivity from current to bottom electrode and
voltage from divider.
A.2-207
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/41, 6/9/97
1. Driven tube conditi0n_:
53.2% N20, 46.8% N 2
Total pressure 13 Torr
Measured shock velocity between stns D and F - 4.909 km/sec
Estimated shock velocity at electrodes 4.723 km/sec
Measured shock pressure at stn D - 7.28 atm
Measured shock pressure at stn F - N/A due to large EM noise pickup
2. Electrodes. driven tube dimensions;
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) 20.32 cm
3. Nominal test coladiti0ns:
Pressure 5 atm
Voltage across electrodes - 45.5/40.3 V
4. Breakdown:
Little or no indication of breakdown.
A.2-208
Run no: 41
Shock vel. at E: 4.72 km/sec
Date: 6/9/97 Shock press, at D: 7.28 atm
Voltage at start of current flow: 45.5 V
Frame: 2 4 6 8
Time: 3.1 11.1 19.1 27.1
Math no: 2.24
Frame: 1 3 5 7
Time: -0.9 7.1 15.1 23.1
Mach no: 2.24
VI: km/sec VCAV: 4.92 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 41, voltage across electrodes from divider.
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Run 41, voltalze across electrodes from current in resistor.
A.2-210
<¢-
#.
(3
15
10
0
4O
, _ , , i , , , , I ' i , i I , , ' ' I i , i , i i i i i [ i i i ! I i i i i I I i g r I i i i 1
IEAsT FACILtTY
/ \ JTEST39. RUN 41
' / _k_ 16/9/97
/ ..... _ ]CURRENT, TOP I
i , i i I , , , , I _ i , i I , i , ; i , _ i r I i , , , I , , , R I , _ I I [ i I ' ' I _ ' ' '
60 80 100 120 40
#sec
Run 41, current to top electrode.
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Run 41, current to bottom electrode.
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Run 41, pseudo-conductivity from current to bottom electrode and
voltage from divider.
A.2-212
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/42, 6/10/97
1. Driven tube conditions:
52.925% N20, 46.575% N> 0.5%H2
Total pressure - 5.14 Torr
Measured shock velocity between stns D and F - 6.464 km/sec
Estimated shock velocity at electrodes, from At(DF) - 6.224 km/sec
Estimated shock velocity at electrodes, from At(DE) - 6.348 km/sec;
(This At from pressure transducer at D until start of current
flow at electrodes.)
Measured shock pressure at stn D - 4.78 atm
Measured shock pressure at stn F - N/A due to large EM noise pickup
2. Electrodes, driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) 20.32 cm
3. Nominal test conditions:
Pressure - 3.2 atm
Voltage across electrodes 45.5/44.5 V
4. Breakdown:
Little or no indication of breakdown.
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Run 42, voltage across electrodes from divider.
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Run 42, voltage across electrodes from current in resistor.
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Run 42, current to top electrode.
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Run 42, current |o bottom electrode.
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Run 42, p._eudo-conductivity from current to bottom electrode and
voltage from divider.
A.2-216
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/43, 6/11/97
1. Driven tube conditions:
52.925% N20, 46.575% N2, 0.5%H2
Total pressure - 6.30 Torr
Measured shock velocity between stns D and F - 5.614 km/sec
Estimated shock velocity at electrodes, from At(DF) 5.401 km/sec
Estimated shock velocity at electrodes, from At(DE) - 5.352 km/sec;
(This At from pressure transducer at D until start of current
flow at electrodes.)
Measured shock pressure at stn D - 3.97 atm
Measured shock pressure at stn F - N/A due to large EM noise pickup
2. Electrodes, driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure 3.2 atm
Voltage across electrodes - 187/115 V
4. Breakdown:
Little or no indication of breakdown.
A.2-217
Run no: 43
Shock vel. at E: 5.38 km/sec
Date: 6/11/97 Shock press, at D: 3.97 atm
Voltage at start of current flow: 187 V
Frame: 2 4 6 8
Time: -8.5 -0.5 7.5 15.5
Mach no: 2.69
Frame: 1 3 5 7
Time: -12.5 -4.5 3.5 t 1.5
Mach no: 2.69
V_: krn/sec VCAV: 5.77 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 43, voltage across electrodes from divider.
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Run 43, voltage across electrodes from current in resistor.
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Run 43, current to top electrode.
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Run 43, current to bottom electrode.
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Run 43, pseudo-conductivity from current to bottom electrode and
voltage from divider.
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A.2-221
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/44, 6/12/97
1. Driven tube conditions:
52.925% N20, 46.575% N2, 0.5%H2
Total pressure - 31.2 Torr
Measured shock velocity between stns D and F - 5.035 km/sec
Estimated shock velocity at electrodes, from At(DF) - 4.844 km/sec
Estimated shock velocity at electrodes, from At(DE) 4.846 km/sec;
(This At from pressure transducer at D until start of current
flow at electrodes.)
Measured shock pressure at stn D - 17.90 atm
Measured shock pressure at stn F - 11.46 arm - rather uncertain due to
large EM noise pickup.
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) 20.32 cm
3. Nominal test conditions:
Pressure 13 atm
Voltage across electrodes - 186/145 V
4. Breakdown:
Little or no indication of breakdown.
A.2-222
Run no: 44
Shock vel. at E: 4.85 km/sec
Date: 6/12/97 Shock press, at D: 17.90 atm
Voltage at start of current flow: 186 V
Frame: 2 4 6 8
Time: 10.1 18.1 26.1 34.1
Mach no:
Frame: 1 3 5 7
Time: 6.1 14.1 22.1 30.1
Mach no: 2.36
Vl: km/sec VCAV: 5.03 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 44, voltage across electrodes from divider.
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Run 44, voltage across electrodes from current in resistor.
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Run 44, current to top electrode.
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Run 44, current to bottom electrode.
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Run 44, pseudo-conductivity from current to bottom electrode and
voltage from divider.
A.2-226
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/45, 6/13/97
1. Driven tube conditions:
52.925% N20, 46.575% N2, 0.5%H2
Total pressure 35.35 Torr
Measured shock velocity between stns D and F - 4.765 km/sec
Estimated shock velocity at electrodes, from At(DF) 4.585 km/sec
Estimated shock velocity at electrodes, from At(DE) - 4.688 km/sec;
(This At from pressure transducer at D until start of current
flow at electrodes.)
Measured shock pressure at stn D - 19.68 atm
Measured shock pressure at stn F - 14.95 atm - very uncertain due to
large EM noise pickup.
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) 20.32 cm
3. Nominal test conditions:
Pressure - 13 atm
Voltage across electrodes - 186/115 V
4. Breakdown:
Little or no indication of breakdown.
A.2-227
Run no: 45
Shock vel. at E: 4.64 km/sec
Date: 6/13/97 Shock press, at D: 19.68 atm
Voltage at start of current flow: 186 V
Frame: 2 4 6 8
Time: 1.4 9.4 17.4 25.4
Mach no:
Frame: 1 3 5 7
Time: -2.6 5.4 13.4 21.4
Mach no:
VI: 4.8 km/sec VCAV: 4.87 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 45, voltage across electrodes from divider.
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Run 45, voltajze across electrodes from current in resistor.
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Run 45, current to top electrode.
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Run 45, current to bottom electrode.
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Run 45, pseudo-conductivity from current to bottom electrode and
voltage from divider.
A.2-231
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/46, 6/16/97
1. Driven tube conditions:
52.925% N20, 46.575% N2, 0.5%H 2
Total pressure 35.35 Torr
Measured shock velocity between stns D and F - 4.087 km/sec
Estimated shock velocity at electrodes, from At(DF) - 3.933 km/sec
Estimated shock velocity at electrodes, from At(DE) - 3.995 km/sec;
(This At from pressure transducer at D until start of current
flow at electrodes.)
Measured shock pressure at stn D - 13.39 atm
Measured shock pressure at stn F - 7.30 atm - very uncertain due
to large EM noise pickup.
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test condition_:
Pressure - 13 atm
Voltage across electrodes - 312/215 V
4. Breakdown:
Little or no indication of breakdown.
A.2-232
Run no: 46
Shock vel. at E: 3.96 km/sec
Date: 6/16/97 Shock press, at D: 13.39 atm
Voltage at start of current flow: 312 V
Frame: 2
Time: -22.9
Mach no:
Frame: 1
Time: -26.9
Mach no:
VI:
4 6 8
-14.9 -6.9 1.1
3 5 7
- 18.9 - 10.9 -2.9
km/sec VCAV: 4.24 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 46, voltage across electrodes from divider.
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Run 46, voltage across electrodes from current in resistor.
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Run 46, current to top electrode.
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Run 46, current to bottom electrode.
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Run 46, pseudo-conductivity from current to bottom electrode
and voltage from divider.
A.2-236
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/47, 6/17/97
1. Driven tube conditions:
52.925% N20, 46.575% N2, 0.5%H2
Total pressure - 35.35 Torr
Measured shock velocity between stns D and F - 5.061 km/sec
Estimated shock velocity at electrodes, from At(DF) 4.870 km/sec
Estimated shock velocity at electrodes, from At(DE) - 4.913 km/sec;
(This At from pressure transducer at D until start of current
flow at electrodes.)
Measured shock pressure at stn D - 20.65 atm
Measured shock pressure at stn F - 20.71 atm - extremely uncertain due
to large EM noise pickup.
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 13 atm
Voltage across electrodes - 326/229 V
4. Breakdown:
Little or no indication of breakdown.
A.2-237
Run no: 47
Shock vel. at E: 4.89 km/sec
Date: 6/17/97 Shock press, at D: 20.65 atm
Voltage at start of current flow: 325 V
Frame: 2
Time: 8.5
Maeh no:
Frame: 1
Time: 4.5
Mach no:
VI:
4 6 8
16.5 24.5 32.5
3 5 7
12.5 20.5 28.5
km/sec VCAV: 5.08 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
A.2-238
>O
>
4OO
3OO
200
100
IIIlilllllVlllilrCVlllllllrlvll_,l I,ilillll lilt
............... 11.21.] i
' .... ; ...... : ....... VOLTAGE FROM
................. _ _ ,, DMDER
..... ! : , , , . .....
:iZiiiiii I[_IZI '_ ii!_r _: ii'.i.!ii' " i '
";,i;I,,;;i; ;,I,,,,_ .... I;,,,, .... I,,,;,,,,_1,,,,
60 80 100 120 140
psec
Run 47, voltage across electrodes from divider.
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Run 47, voltage across electrodes from current in resistor.
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Run 47, current to top electrode.
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Run 47, current to bottom electrode.
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Run 47, pseudo-conductivity from current to bottom electrode
and voltage from divider.
A.2-241
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/48, 6/18/97
1. Driven tube conditions:
52.925% N20, 46.575% N2, 0.5%H2
Total pressure - 35.35 Torr
Measured shock velocity between stns D and F - 4.983 km/sec
Estimated shock velocity at electrodes, from At(DF) - 4.795 km/sec
Estimated shock velocity at electrodes, from At(DE) - 4.750 km/sec;
(This At from pressure transducer at D until start of current
flow at electrodes.)
Measured shock pressure at stn D - 18.45 atm
Measured shock pressure at stn F - not available due
to large EM noise pickup.
2. Electrode_, _triven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure- 13 atm
Voltage across electrodes - 572/394 V
4. Breakdown:
Little or no indication of breakdown.
A.2-242
Run no: 48
Shock vel. at E: 4.77 km/sec
Date: 6/18/97 Shock press, at D: 18.45 atm
Voltage at start of current flow: 572 V
Frame: 2
Time: 5.1
Mach no:
Frame: 1
Time: 1.1
Mach no:
VI: 4.2 km/sec
4 6 8
13.1 21.1 29.1
VCAV:
3
9.1
2.24
4.96 km/sec
5 7
17.1 25.1
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 48, voltage across electrodes from divider.
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Run 48, voltage across electrodes from current in resistor.
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Run 48, current to top electrode.
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Run 48, current to bottom electrode.
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Run 48, pseudo-conductivity from current to bottom electrode
and voltage from current in resistor.
A.2-246
AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/49, 6/19/97
1. Driven tube conditions:
52.925% N20, 46.575% N2, 0.5%H2
Total pressure - 35.35 Torr
Measured shock velocity between stns D and F - 4.983 km/sec
Estimated shock velocity at electrodes, from At(DF) - 4.795 km/sec
Estimated shock velocity at electrodes, from At(DE) - 4.750 km/sec;
(This At from pressure transducer at D until start of current
flow at electrodes.)
Measured shock pressure at stn D - 14.88 atm
Measured shock pressure at stn F - not available due
to large EM noise pickup.
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test c0nditi0n_:
Pressure - 13 atm
Voltage across electrodes -1020/382 V
4. Breakdown:
Little or no indication of breakdown.
A.2-247
Run no: 49
Shock vel. at E: 4.54 km/sec
Date: 6/19/97 Shock press, at D: 14.88 atm
Voltage at start of current flow: 1020 V
Frame: 2
Time: -0.2
Mach no:
Frame: 1
Time: -4.2
Mach no:
Vl: 4.2 km/sec
4 6 8
7.8 15.8 23.8
3 5 7
3.8 11.8 19.8
2.24
VCAV: 4.68 km/sec
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 49, voltage across electrodes from divider.
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Run 49, voltage across electrodes from current in resistor.
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Run 49, current to bottom electrode.
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AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/50, 6/20/97
1. Driven tube conditions:
52.925% N20, 46.575% N2, 0.5%H2
Total pressure - 35.35 Torr
Measured shock velocity between stns D and F - 5.035 km/sec
Estimated shock velocity at electrodes, from At(DF) - 4.845 krrdsec
Estimated shock velocity at electrodes, from At(DE) - 4.879 km/sec;
(This At from pressure transducer at D until start of current
flow at electrodes.)
Measured shock pressure at stn D - 19.22 atm
Measured shock pressure at stn F - not available due
to large EM noise pickup.
2. Electrodes. driven tube dimensions;
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes - 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) - 20.32 cm
3. Nominal test conditions:
Pressure - 13 atm
Voltage across electrodes 764/382 V
4. Breakdown:
Little or no indication of breakdown.
A.2-252
Run no: 50
Shock vel. at E: 4.86 km/sec
Date: 6/20/97 Shock press, at D: 19.22 arm
Voltage at start of current flow: 764 V
Frame: 2
Time: 7.0
Mach no: 2.24
Frame: 1
Time: 3.0
Mach no:
VI: km/sec
4 6 8
15.0 23.0 31.0
VCAV:
3
11.0
2.40
5.05 km/sec
5 7
19.0 27.0
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 50, voltage across electrodes from divider.
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Run 50, voltage across electrodes from current in resistor.
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Run 50, current to top electrode.
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Run 50, current to bottom electrode.
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Run 50, pseudo-conductivity from current to bottom electrode
and voltage from current in divider.
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AIR CONDUCTIVITY MEASUREMENT IN
AMES EAST FACILITY
RUN 39/51, 6/20/97
1. Driven tube conditions:
53.2% N20, 46.8% N2,
Total pressure - 35.35 Torr
Measured shock velocity between stns D and F - 4.788 km/sec
Estimated shock velocity at electrodes, from At(DF) 4.607 km/sec
Estimated shock velocity at electrodes, from At(DE) 4.628 km/sec;
(This At from pressure transducer at D until start of current
flow at electrodes.)
Measured shock pressure at stn D - 18.10 atm
Measured shock pressure at stn F - 9.51 atm - very uncertain due
to large EM noise pickup.
2. Electrodes. driven tube dimensions:
Electrode size - 3.10 cm square
Electrode spacing - 3.10 cm
Main diaphragm to electrodes 454.475 cm
Skimmer nose to electrodes - 39.979 cm
Driven tube diameter - 10.16 cm
Stn D (dn tube) to electrodes (channel) - 77.365 cm
Electrodes (channel) to stn F (channel) 20.32 cm
3. Nominal test conditions:
Pressure- 13 atm
Voltage across electrodes 73.2/56.4 V
4. Breakdown:
Little or no indication of breakdown.
A.2-257
Run no: 51
Shock vel. at E: 4.62 km/sec
Date: 6/20/97 Shock press, at D: 18.10 atm
Voltage at start of current flow: 73.2 V
Frame: 2
Time: - 1.0
Mach no:
Frame: 1
Time: -5.0
Mach no:
V_: km/sec
4 6 8
7.0 15.0 23.0
3 5 7
3.0 11.0 19.0
2.48
VCAV: 4.74 kin/see
IMACON image of the shock-heated test gas flow in the electrode region.
The time is measured from the start of the current flow. Mach numbers and
velocities are deduced from the image as explained in section A.2.5.3.
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Run 51, voltage across electrodes from divider.
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Run 51, voltage across electrodes from current in resistor.
A.2-259
6O
cL,.
o
5O
40
3O
2O
10
6O
' ' ' ' r , , ! , | ! ! , ! I ! ! ' ! I ! ' ! ! f ! i ! ! I ' _ ! ' i , i , ' i ' ' ' ' l , , , ,
: EAST FACLITY _ _,_- : i : i i : i " " '
N 1 " i , . ; .... CURRENTTOP
i 16/20/97 i: _i : : !' )i i : i i_
L .
..... i , r I; ' ' ! ' ' ? > * ! ......
• , . i , : .......................... , , , , - .
" " : :. : . ""::':::i :::::: : " [:! [ :: : -
li _ iiiiiillliil_lli liiiiliillll;iii; Jill; l , i i i iii
80 100 120 140
_tsec
Run 51, current to top electrode.
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Run 51, current to bottom electrode.
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Run 51, pseudo-conductivity from current to bottom electrode and
voltage from divider.
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